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Abstract 
Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants 
generated predominantly by combustion and are a group of unavoidable but 
continuously released pollutants in air, water and soil. This class of chemicals has 
been proved to be carcinogenic in experimental animals and is a potential health risk 
to human. Due to their hydrophobic nature, PAHs tend to associate with particles 
and ultimately with soil and sediment after entering atmospheric environment. The 
purpose of this study is to isolate a native micro-organism with potential for 
bioremediation of PAH-contaminated soil. The target pollutant is a model five-ring 
pah, benzo[a]pyrene (BaP). It is classified as a probable human carcinogen and 
one of the priority pollutants by USEPA. 
Seven soil samples and one sediment sample from a P A H contaminated and 
abandoned shipyard site and two soil samples from a PAH-free coastal area were 
collected. In their soil communities, both PAH-tolerators and PAH-degraders were 
screened. BaP-tolerating species could be found in both soil samples. However, 
no relationship was found between the concentration of BaP in the soils and the 
abundance of soil BaP-tolerators. No one BaP tolerator from the PAH-free soil 
survived in the batch of PAH-contaminated soil used. The best bacterial 
BaP-degrader was identified as Methylobacterium sp. by sequencing its 16S rDNA, 
analyzing its cellular fatty acid composition and examining its carbon-utilization 
pattern. Three best fungal BaP-degraders were isolated and identified as 
Trichoderma asperellum, T. harzianum and Fusarium solani by nuclear ribosomal 
gene sequences and their modes of conidiogenesis. All of them survived in the 
i i 
unsterilized and heavily P A H contaminated soil. However in terms of the tolerance 
range of benzo[a]pyrene, growth rate, removal efficiency of BaP in liquid system, 
and colony spread efficiency in soil, the 3 fungi showed a higher potential for 
bioremediation. The best performance was obtained with T. asperelliim among the 
four microorganisms. The removal of BaP by this species was optimized m the 
unsterilized, mixed contaminated soil including PAHs. 
The optimal physio-chemical conditions for BaP degradation in soil by T. asperellum 
were found to be: temperature: 30。C; pH: 7; initial concentration of BaP: 10 - 50 
mg/kg; mocukim size of compost: 0.5 g/10 g soil; incubation time: 5 days. The 
overall removal efficiency was significantly improved after the optimization process. 
The fungus showed 70% removal of BaP in a mixed contaminated soil sample in the 
optimized conditions. Also other PAHs and D D D , a stable residue of banned 
pesticide DDT, present in the soil were also degraded at 32 - 62% at the same time. 
mchoderma asperellum did not secrete lignmolytic enzymes. Thus presumably its 
degradation is via intracellular cytochrome P-450 system. Potential intermediates 
detected by G C - M S D included: hydrobenzo[a]pyrenes，benzenedicarboxylic acids 
and phenols but the detailed degradation pathway needed further investigation. 
Whether the Tnchodenna•砍啦d soil also showed reduct画 of toxicity was assessed 
using three indigenous bacteria isolated from the PAH-contaminated soil. Two 
species showed better growth in the treated soil with one showing neutral effect. This 
result indicates that the overall toxicity was reduced by the fungal treatment. 
According to the laboratory results, T. asperellum was feasible to remove BaP and 
even other organics in soil system, and the treated soil was less toxic. The fungal 
iii 
system could be coupled with other treatment methods to obtain total removal of 
toxic pollutants. More investigation using pilot scale experiments and field trial 
f 
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1. Introduction 
1.1 Poly cyclic Aromatic Hydrocarbons (PAHs) 
1 1.1 Characteristics of PAHs 
Polycyclic aromatic hydrocarbons belong to a class of ubiquitous organopollutants 
with more than 100 species which can be found in different living media, including 
air，water, soil and sediment (Juhasz and Naidu, 2000). They contain two 
(naphthalene, C^oHg) to seven (coronene, C24H12) aromatic nngs arranged m linear 
(with all the nngs in a line)，cluster (with at least one nng surrounded by three sides) 
or angular (with the nngs m steps) shape and the last one is the most difficult to 
break down. PAHs contain only carbon and hydrogen but nitrogen, sulfur can also 
exist in the nngs (Zeng et al., 2000). PAHs are distinguished into two groups; the 
low molecular weight ( L M W ) PAHs contain 2- to 3- aromatic nngs and high 
molecular weight ( H M W ) PAHs contain 4- to 7- aromatic nngs. 
P A H S are persistent organic pollutants (POPs) in the environment, having long 
half-lives m soils, sediments, air or biota. There seems to be no consensus of 
opinion about how long the half-life m a givenmedmm should be for the term 
‘persistent, to be conferred. However, in practice a POP could have a half-life of 
years or decades m soil/sediment and several days m the atmosphere (Jones and 
Voogt, 1999). Table 1.1 shows the half-lives of some representative PAHs in 
different environmental media. According to the definition based on the half-life of 
an organic compound m soil of over 100 days, all PAHs (except naphthalene) are 
deemed persistent (Park et al., 1990; Launen et al., 1995). The half-lives of PAHs 
are different according to their molecular weight, shape, media and other 
environmental parameters. PAHs are hydrophobic compounds and their persistence 
1 
Table 1.1 The estimated half-lives of PAHs in various environmental samples 
(derived from data in Mackay et al., 1992). 
Water S ^ Sediment 
EPA priority pollutants ^^^^^ Class Class C l ^ 
Naphthalene 2 4 6 ? 
“ J 8 
Acenaphthylene 3 ^  
E^T 3 5 7 8 
Fluorene  
“ ^ g 
Phenanthiene 3 ^  a S 7 8 
Anthracene 。 
7 o 9 
Fluoranthene 4 。 
Pyrene ^ 4 6 + 8 9 
7 o 9 
Chrysene 4 。 T “ g 9 
Benz[a]anthracene 4 “ 
— o 9 
B enzo [k] fluoranthene 4 “ 
~o _” 9 
Benzo[a]pyrene 4 “ 
— 7 o 9 
Dibenz[a,h]anthracene 4 ^ | 丨 
where 
O ^ M e a n half-lives (hours) Range (hours) 
J 5 ^ 
2 17 (〜1 day) 10-30 
3 55 (〜2 days) 30-100 
4 170 (〜1 week) 100-300 
5 550 (〜3 weeks) 300-1,000 
6 1,700 (〜2 months) 1,000-3,000 
7 5,500 (〜8 months) 3,000-10,000 
§ 17,000 (2 years) 10,000-30,000 
9 55,000 (6 years) >30,000 
2 
in the environment is chiefly due to their low water solubilities (Cemiglia, 1992). 
They are recalcitrant as they are difficult to degrade. Thus once they are generated, 
they stay in the environment for a long time. 
P A H S are thermodynamically stable due to their large negative resonance energies. 
At room temperature, they are in solid phase (Crawford and Crawford, 1996; Juhasz 
and Naidu, 2000). As pure compounds, PAHs exist as colourless, white or pale 
yellow-green solid. In general, PAHs have low solubilities in water, high melting 
and boiling points, and low vapor pressure. Solubility decreases, melting and 
boiling points increase, and vapour pressure decreases with increasing molecular 
weight of a P A H (Miller and Olejnik, 2001). Since their densities are >1, once they 
are present in dust particles or aerosols, they tend to settle to land and water. So 
usually soil and sediment are the sink of PAHs. The properties of some 
representative PAHs are listed in Table 1.2. 
1.1.2 Sources of PAHs 
Natural PAHs are usually found as a mixture containing two or more PAHs and 
organics, such as phenols and even heavy metals. Most PAHs are formed by 
thermal decomposition of organic molecules and subsequent recombination of the 
organic particles. Usually PAHs are formed at high temperature (500-800。C) due to 
imcomplete combustion of organic matter, a process called pyrolysis; or subjection 
of organic material to low temperature (100-300。C) for a long time in coal and oil. 
The proportional representation of individual compounds and isomers of PAHs 
formed in high- and low-temperature conditions are different although their forming 

















































































































































































































































































































































































































































































































































































































































































































































































































































































































































Notably, from incomplete combustion, the particulate P A H profile was heavy in 
H M W PAHS, whereas gaseous emissions were primarily L M W PAHs (Muller et al., 
1996). 
P A H S are common artificial compounds with no use, but a few are used in medicines 
or to make dyes, plastics, and pesticides in rare cases. Natural sources of PAHs 
include forest and grass fires, oil seeps, volcanoes, and chlorophyllous and 
nonchlorophyllous plates (Eisler, 1987; McElroy et al., 1989). Besides，some 
microorganisms such as bacteria, fungi and algae can synthesize PAHs, but these 
sources do not create an environmental pollution problem when compared with those 
P A H S generated by the anthropogenic sources (Witt, 1995). Anthropogenic sources 
of P A H S include petroleum spills and discharges, electric power generation, refuse 
incineration, home heating, coking plants, creosote, asphalt production, gasification 
processes using coal, and internal combustion engines (Neff, 1985; Ahn et aL, 1999; 
Lehto et aL, 2000; Clemente et al., 2001). They are widespread to the atmospheric, 
aquatic or terrestrial environment. The production of PAHs commonly occurs. Thus 
exposure to them is unavoidable (Juhasz and Naidu, 2000), The anthropogenic 
sources of PAHs are the current focus of many environmental cleanup programs and 
consequently the basis for the development of effective bioremediation technologies 
(Muller et aL, 1996). 
1.1.3 Environmental fates of PAHs 
P A H S released into the atmosphere have a strong affinity for air borne organic 
particles and can be moved great distances by air currents. The molecules are 
eventually transported to earth and water as dry or wet particulate deposition (Baek 
et aL, 1991; Wilcke，2000). Microorganisms, including bacteria, yeast and fungi 
may metabolize the low molecular weight and structurally simple PAHs; high 
5 
molecular weight and structurally complex PAHs may also be degraded by the 
microbes but because they are more resistant to microbial degradation, most of them t 
eventually settle into the sediments and soil as sink (Ghosh et al., 1995; Juhasz and 
Naidu, 2000). 
In soil system, PAHs either can be mineralized, which includes the production of 
biomass, water, and carbon dioxide, or can become incorporated in the humification 
process, either as original components or as metabolites. When there is only few 
amount ofhumic matter in soils, the latter path can also comprise the production of 
high-molecular structures from PAHs and metabolites. The carbon depot in the soil 
can also serve as an intermediate storage system for PAH. Also, the P A H or 
PAH-metabolites can undergo either an adsortion-desorption cycle or a delayed 
mineralization. However, PAHs tend to adsorb strongly to soil particles that 
consequently, there is minimal leaching into the soil below and the adsorbed PAHs 
tend to resist biodegradion, volatilization, and/or photolysis. 
Mammals, birds, fish and many invertebrates metabolize and excrete some of the 
P A H S ingested during feeding, grooming, and respiration. Some terrestrial plants 
and aquatic algae can assimilate and metabolize PAHs. Accumulation of PAHs is 
usually inversely related to the ability of the organism to metabolize PAHs. 
Generally terrestrial plants are poor accumulators of soil PAHs, it may be because 
P A H S strongly adsorb to soil organic material. Most of the PAHs detected in plant 
tissues are probably derived from atmosphere. PAHs usually accumulate in 
organisms with high lipid contents and poor microsomal monooxygenases system, 
and high molecular weight ( H M W ) PAHs are most difficult to be excreted (Varanasi 
et al., 1989). 
6 
1.1.4 Effects of PAHs on living organisms 
Low molecular weight ( L M W ) PAHs show acute toxic effect in high dosage; and 
some high molecular weight ( H M W ) PAHs are potentially carcinogenic and 
mutagenic in previous studies. For example, H M W PAHs, such as benzo[a]pyrene 
and benzo[flfluoranthene, are proved to cause lung cancer, stomach cancer, skin 
cancer, etc. in tested animals. In general, PAHs cause harmful effect on skin, body 
fluids, and the immunological system in tested animals and their offspring shows a 
higher rate of birth defects and lower body weights than normal one. According to 
the U S E P A toxicity category, the oral LD50 of PAHs on rats are from caution to 
warning levels (e.g. benzo[a]pyrene: 50 mg/kg and phenanthrene: 700 mg/kg) (Table 
1.1.1.2). PAHs can be absorbed through ingestion, inhalation and dermal contact to 
human beings (Sims and Overcash, 1983; van Agteren et al‘, 1998; Kelley et aL, 
1990). PAHs are primarily metabolized in the liver and kidney and then excreted in 
both bile and urine. Exposure to high concentrations of PAHs in the workplace has 
been associated with lung and bladder cancers among industrial workers 
(Mastrangelo et aL, 1996). 
Genotoxic tests based on mammalian D N A integrity or on the Ames mutagenicity 
test in Salmonella turn out to be positive for most PAHs. Many researches have 
established that the P A H molecules themselves are not native carcinogenic agents. 
They must be transformed by several metabolic reactions in the body before the 
actual cancer-causing species are produced (Wilson and Jones, 1993; Mattney, 1994; 
Crawford and Crawford, 1996). The carcinogenic effects of PAHs on mammalian 
cells are a consequence of the metabolic activation to diol epoxides, which are highly 
reactive molecules that covalently bind to D N A . This activation occurs mainly in 
the microsomes of the endoplasic reticulum and is catalysed by monooxygenase 
enzymes associated to cytochrome P-450 although small portion of PAHs entered 
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human body and may be detoxified by this system (Harvey，1991; Wattiau, 2002). 
P A H S can be well absorbed and primarily stored in kidney, liver and spleen since f 
they are hydrophobic. Also they are virtually unavailable for excretion since they 
enter cells easily. 
There are at least four mechanisms of P A H carcinogenesis (Figure 1.1)： The 
dihydrodiol epoxide mechanism involves metabolic activation of the P A H by 
microsomal cytochrome P-450 enzymes to give reactive epoxide and diol-epoxide 
intermediates. These form covalent adducts with D N A , perhaps resulting in 
mutations that lead to tumourigenesis. The radical-cation mechanism involves 
one-electron oxidation to generate radical-cation intermediates, which may attack 
D N A , resulting in depurination. The quinone mechanism involves enzymic 
dehydrogenation of dihydrodiol metabolites to yield quinone intermediates. These 
may either combine directly with D N A or enter into a redox cycle with oxygen to 
generate reactive oxygen species capable of attacking D N A . The benzylic 
oxidation mechanism entails formation of benzylic alcohols, which are converted by 
sulfotransferase enzymes to reactive sulfate esters and these may attack D N A . 
Among the four mechanisms, the most significant one is the diol-epoxide pathway 
(Harvey, 1996; Cemiglia, 1997; Harvey et a l , 1999; Cemiglia and Sutherland, 2001; 
Burdick et al., 2003). 
It is found that genotoxicity increases as the molecular size of the P A H increases up 
to four and more fused aromatic nngs，and the toxicological concern shifts towards 
chronic toxicity, primarily carcinogenesis (Sims and Overcash, 1983; Cemiglia, 1992; 
Ashok and Saxena, 1995; Kastner and Mahro, 1996; Wolter et al., 1997; Kastner et 
al., 1998; Stapleton et al., 1998; Gramss et al., 1999; Marquez-Rocha et al； 2000; 
Burdick et al., 2003). Some metabolic intermediates in the detoxification or 


































































































































































PAHs with certain of their hydrogen atoms replaced by methyl groups or nitro group 
are even more potent carcinogens than are the parental PAHs (Cemiglia and Gibson, f 
1980; Bjorseth and Ramdahl, 1983; Haemmerli et al., 1986). 
1.1.5 Summary 
In the recent decades, the concern on the PAHs contamination is increasing due to 
their persistence, toxicity and carcinogenicity. Also for these reasons, 16 of them 
are listed as United State Environmental Protection Agency (USEPA) priority 
pollutants (Keith and Telliard, 1979; Cemiglia, 1992; Prince and Drake, 1998; 
Juhasz and Naidu, 2000; Cemigla and Sutherland, 2001). Figure 1.2 shows the 
structures of the listed PAHs. Also the European Community classifies PAHs as 
priority pollutants (Murillo Mantilla, 1990; Wattiau，2002). There has been a lot of 
interest in finding ways to remediate media that are contaminated with PAHs in an 
efficient and cost-effective fashion. 
1.2 Taget PAH: Benzo[a]pyrene (BaP) 
Benzo[a]pyrene (BaP) is regarded as a model and most well-studied PAH. Also it 
is one of the most abundant PAHs in the studied contamainted site. Therefore it was 
chosen as the target compound in this study. BaP is one of the most recalcitrant 
P A H S in soil, adsorbs to the soil matrix and thus is physically unavailable to 
degradative bacteria and fungi (Banks et al., 1999). The estimated half-lives for 
BaP a r e < 1 - 6 days in the atmosphere, < 1 - 8 hours in water, 5 - 10 years in 
sediment, and > 1 4 - 1 6 months in soil (for complete degradation) (USEPA, 1984; 
Borgert et al., 1995). BaP has been shown to cause genotoxic effects in a broad 
range of prokaryotic and mammalian cell assays. Thus its occurrence in the 
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Naphthalene Acenaphthene Acenaphthylene Phenanthrene 
— k ： ： ^ ^ ^ ^ ^ ； ； ： ^ ^ ^ ^ ^ 
Fluorene Anthracene Beiiz[a] anthracene 
Chrysene Pyrene Fluoranthene 
Benzo[b]fluoranthene Benzo[k] fluoranthene Benzo[a]pyrene 
Indeno[l,2,3-cd]pyrene Benzo[g,h,i]perylene Dibena[a,h] anthracene 
Figure 1.2 Structures of the 16 PAHs on the EPA priority pollutant list. 
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environment is of great concern. There is no commercial production or use of BaP 
(Juhasz and Naidu, 2000). For its carcinogenicity, it is classified as a probable t 
human carcinogen by U S E P A and International Agency for Research on Cancer 
(IARC). Several reviews have been written on the risk assessment of 
benzo[a]pyrene and its metabolism and activation in mammalian systems. 
Benzo[a]pyrene has been shown to be carcinogenic by producing tumours in 
experimental animals when administered orally, by skin application, inhalation 
and/or intratracheal administration, subcutaneous and/or intramuscular 
administration, intraperitoneal administration, intrabronchial implantation and 
transplacental routes (Collins et al., 1991). Moreover, earlier studies have 
indicated that benzo[a]pyrene is active in assays for D N A binding, sister chromatid 
exchange, chromosomal aberrations, sperm abnormality from tests in mammals in 
vivo. The detailed physio-chemical properties of BaP are listed in Table 1.3. 
The low solubility, low vapour pressure, and high Kow of BaP result in its partition 
mainly between soil (82%) and sediment (17%), with approximately 1% into water, 
air, suspended sediment and biota (California Environmental Protection Agency, 
1997). Atmospheric deposition after local and long-term transport is believed to be 
the major source of BaP in soil since BaP has low mobility in soil. Approximately 
52% of the BaP in air return to surface soil and water via dry deposition. Typical 
concentrations of soil BaP are between 100 and 1,000 /xg/kg; values as high as 
650,000 /xg/kg near a German soot plant and up to 500,000 fig/kg near oil refineries 
have been reported (ATSDR，1990). 
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Table 1.3 The physical and chemical properties of BaP (USEPA, 1991). 
Property Value 
Molecular weight 252.3 g/mol 
Colour Pale yellow, fluoresces yellow-green in ultraviolet light 
Physical state Solid, plates or needles (recrystallized from benzene/ligroin) 
Odor Faint aromatic odor 
Melting point 179-179.3。C 
Boiling point 495。C (at 760 m m Hg) 
Solubility 
Water 1.8x10'' g/1 (25°C) 
Orgainic solvents sparingly soluble in ethanol and methanol; soluable in 
benzene, toluene, xylene, acetone, D M S O , and ether 
Specific gravity 1.351 
Density 1.351 g/cm 
Partition coefficients 5.5 x 10' 
Soil-organic 
carbon-water (Kow) 
Vapour pressure 7.47 x 10' m m Hg (25°C) 
13 
1.3 PAH contamination in Hong Kong 
The pollution problems caused by PAHs become a world-wide environmental issue. 
Hong Kong has no escape. In 1984, the Hong Kong Environmental Protection 
Department commenced monitoring the concentrations of the total PAHs and 
individual PAHs in marine sediments at 52 stations in ten water quality control 
zones and 13 stations in typhoon shelters (Connell et al., 1998a and 1998b). The 
following PAHs have been reported in Hong Kong sediments: fluorene, 
phenanthrene, anthracene, fluoranthene, pyrene, chrysene, benzo[k]fluoranthene, 
benzo[a]pyrene and benzo[g，h，i]perylene. Also, PAHs are monitored under the 
Toxic Air Pollutants (TAP) Programme since 1997 on a long-term regular basis to 
evaluate the effectiveness of strategic air quality control measures (Lee et al., 2001; 
Sin etaL, 2003). 
Some basic data show that Hong Kong has a quite clean environment: e.g. mangrove 
sediment: 356 — 11,098 ng total PAHs/g (Tarn et al., 2002) and air: 6.46 — 38.8 ng 
total PAHs/m^ (Sin et al., 2003). Nevertheless, although the detected 
concentrations of PAHs are low, these substances have probably caused damage to 
the marine ecosystem and significantly posed a risk to consumers of seafood 
harvested from the system (Connell et al., 1998a and 1998b). Further, it is 
noteworthy that the deleterious effects are likely to be additive to those of other 
contaminants present such as polychlorobiphenyl and 
dichlorodiphenyltrichloroethane (Connell et a l , 1998a). Thus this potential 
problem could not be neglected. 
The contamination of PAHs in Hong Kong seems to be more serious in coastal areas, 
where are the focus of this study. Statistical analyses indicate that the total PAHs 
were widely distributed in Hong Kong sediments at background concentrations of 
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40 to 60 [ig/kg wet weight, and total PAHs up to 116 |ag/kg wet weight were 
detected in Victoria Harbour and several other areas. Also, the 13 typhoon shelters 
at various locations, in almost all cases, contained substantial elevated levels with 
some ranging up to 1,159 |ag/kg wet weight during 1995 and 1996 (Connell et al., 
1998a and 1998b). 
Moreover, PAH-contaminated sites with 15-200 mg/lcg in coastal soils can be 
commonly found, especially the airport (e.g. Kai Tak Airport) and ocean terminals 
(e.g. Penny's Bay in Lantau Island) (HKEPD, 2002). According to European 
Dutch standard, the concentration of PAHs of those sites exceed the B (potential 
pollution) or even C (pollution) level. The target site of this study is an abandoned 
shipyard located in North Tsing Yi, where 11 PAHs (2-7 rings) were reported ([Total 
PAHS] = 21-150 mg/kg; [BaP] = 1.67 - 10.08 mg/kg) (HKEPD, 2001). Besides, it 
is also reported that the site is mixed contaminated by other toxic 
inorganic s/organics. 
1.4. Remediation for PAHs contaminated soils 
1.4.1 Chemical/ Physical methods 
Since PAHs are not volatile, some common remediation technologies, such as soil 
washing, in-situ thermal treatment and soil vapour extraction are not suitable or 
effective to solve the problem. On the other hand, some chemical/physical 
methods are appropriate for soil remediation, for example, chemical addition (e.g. 
enzymes), incineration, etc. (Russell, 1992; Wilson and Clarke, 1994; Federal 
Remediation Technologies Roundtable, 2002; USEPA, 2002). 
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1.4.2 Bioremediation 
While comparing to those physical/chemical methods, biological methods are f 
relatively inexpensive. Thus it is the most common treatment for PAHs 
contamination (Samanta et a l , 2002). Bioremediation is a technology that utilizes 
the metabolic potential of living organisms (mainly microorganisms) to clean up 
contaminated environments. Natural environment harbors a wide range of 
culturable or unculturable pollutant-degrading microorganisms that have crucial 
roles in bioremediation (Watanabe, 2001). Moreover, different microorganisms 
have different degradation pathways for PAHs. The general approaches of 
bioremediation include aboveground bioreactors, solid phase treatment, composting, 
landfarming, phytoremediation and in situ treatment=(Suthersan, 1999; Juhasz and 
Naidu, 2000; Romantschuk et al., 2000; Hurst et al., 2002). 
Bioremediation is still considered to be a developing technology. With varying 
degrees of success, it has been used to treat PAHs in creosote wastes, oil field and 
refinery sludge, and petroleum products. PAHs were proved to be effectively 
degraded by a variety of naturally occurring soil microorganisms at the field scale 
(Wilson and Jones, 1993; Pierzynski et al.’ 1994; Guerin，1999; Guerin, 2000; 
Samanta et al., 2002). Taddeo et al. (1989) showed a field demonstration of 94% 
removal of L M W PAHs in 78 days using compost treatment. Field data showed 
that the concentration of total PAHs reduced from 500 mg/kg soil to < 20 mg/kg soil 
with 8 - 10 weeks of full-scale of compost bioremediation of 20,000 tons of soil in 
Norway (Berg and Eggen, 1991). Guerin (1999) showed 82 - 97% degradation of 
L M W PAHs and up to 35% of H M W PAHs by indigenous populations in soil from a 
creosote plant containing PAHs and phenols using an ex situ land treatment process. 
Examples of isolated organisms for real application are mainly from the fungal 
kingdom. Lamar and Glaser (1994) reported an average 75% P A H removal was 
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observed when soil containing 4,017 m g total PAHs/kg was inoculated with 
Phanerochaete sordida within 8 weeks in a pilot-scale field test. Baud-Gasset et al. t 
(1994) also reported that P A H concentrations were reduced by 76-86% (initial 
TAHs]: 5139-6582 mg/kg) after an 8-week incubation with Phanerochaete 
chrysosporium and P. sordida inoculants, 
Phytoremediation technologies based on the combined action of a plant and the 
immediate soil microbial communities around the roots forming the rhizosphere 
hold promise in the remediation of land contaminated with hydrocarbons but they 
have not yet been adopted in large-scale remediation strategies. Within the 
rhizosphere, microbial degradative activities prevail in order to extract energy and 
carbon skeletons from the pollutants for microbial cell growth. Also，plants may 
be viewed as solar driven transport systems such as water and solute movements due 
to evapotranspiration. Such drive may mobilize or increase the collision of soil 
contaminants with soil microorganisms for degradation (Erickson et al； 1995). In 
heavy metal-stressed soils there seems to be a stimulation of P A H uptake (Haas et 
a/., 1990). So this technology is applicable for soils mixed contaminated with both 
heavy metals and organic compounds. 
P h y t o r e m e d a t i o n was tested successfully in field study. Apnll and Sims (1990) 
established a mix of eight prairie grasses in sandy loam soils. The extent of P A H 
disappearance was consistently greater in planted units compared to implanted 
controls, indicating that phytoremediation enhanced the removal of these compounds 
from contaminated soil. Apparent disappearance of PAHs was correlated with the 
water solubility of the P A H compounds; i.e., the more water-soluble the compound is, 
the greater its disappearance from the soil will be. Besides, in a three-year 
field-plot study, Qiu et al. (1997) found that prairie buffalograss accelerated the 
reduction of PAHs in a clay soil compared to implanted clay soil. Results of an 
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investigation by Reilley et al (1996) indicated that grasses and legumes enhance the 
removal of P A H s from contaminated soils. Planted soils had significantly lower 
f 
concentrations of the P A H s than the implanted soils, with 30 to 40% more 
degradation in the planted soils. 
1.5 Biodegradation of PAHs by bacteria and fungi 
1.5.1 Tolerance and degradation 
Many bacteria, fungi and plants are reported to degrade and/or extract PAHs from 
soil (Weissenfels et al., 1992; Frick et al.’ 1999; Juhasz and Naidu, 2000; Daane et 
al., 2001). However, most polluted sites have a complex range of contaminants 
present，and so the organisms must be resilient to co-contaminants as well as to the 
target PAHs for biodegradation (Meharg and Caimey, 2000). 
While resistance is an inheritable trait, tolerance refers to the physiological 
adaptation possessed by an organism. Microbial and plant cells have evolved 
highly specific resistance mechansims in order to survive in a frequently polluted 
world. The genes governing these resistance mechanisms frequently occur on 
plasmids and transposons, facilitating both molecular genetic studies in the 
laboratory and movement from cell to cell in the environments (Kummerer, 2004). 
The overall detoxification mechanisms usually involve avoidance and 
compartmentalisation for detoxification. 
Avoidance mechanisms can be achieved through: suppression of toxicant influx 
transporters, efflux pumping of the toxic material material out from the cell, release 
of polluted complexing agents into the surrounding soil solution, precipitation or 
binding of toxicants onto cell surfaces, and redox chemistry (e.g. release of 
extracellular enzymes) that convert a more toxic species into one less toxic/not taken 
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up (Mongkolsuk et al., 1992; Meharg, 2003). Compartmentalisation often 
involves translocation or bioaccumulation of pollutants in a physiologically 
inaccessible form (either intacellular or extracdinar) (Mongkolsuk et al., 1992; 
Silver, 1992; Meharg, 2003). For example, Pseudomonas putida can tolerate 
toluene, styrene and /^-xylene by three efflux pumps; yeast Pichia guilliermondii 
adsorbs and accumulates chromium (Rojas et al., 2001; Kaszycki et al. 2004). 
Redox chemistry (biodegradation) is suggested to be the most promising systems for 
bioremediation of toxic wastes, and those microorganisms oxidize the toxic PAHs are 
PAHs-degraders. Therefore PAHs-tolerators are also considered as potential 
PAHs-degraders. However, tolerance to a deleterious factor refers to the ability to 
survive a stress but does not necessarily mean the organism is healthy; the toxicant 
may cause death to the organism when its concentration exceeds the fatal dosage 
(Flick et al., 1999). Also some microorgaisms isolated from PAHs-contaminated 
sites are PAHs-tolerators only but may not be PAHs-degraders. This may due to the 
tolerance mechanisms used by the tolerators are apart from biodegradation. Under 
these conditions, the organism is not suitbale for bioremediation purpose. 
Furthermore, it is not suprising to observe isolates from an uncontaminated site and a 
contaminated site show different sensitivities to the same environmental stress 
because of their different adaptive tolerance (Meharg and Carney, 1999; Blaudez et 
al., 2000; Colpaert et al., 2000). Isolates from highly contaminated environments 
may grow slower, have a longer lag phase, be less efficient at utilizing nutrients, have 
very different nutritional requirements or alter the pH of the growth media 
(potentially changing metal ion speciation and toxicity) to different extents (Meharg, 
2003). It is possible to find the same species from two habitats but there are 
individual variations between them (different strains/ isolates). As mentioned 
above, since most of the PAHs-polluted sites are mixed contaminated by members of 
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the same or different classes of chemicals, and PAHs-tolerators/degraders do not 
show cross tolerance to or degradative potentials for other chemicals, 
f 
PAHs-tolerators/degraders isolated from one habitat may not be able to survive in 
another habitat with different enviroment polluted or not. Perhaps these are the 
reasons why PAHs-tolerators were reported to be found in both contaminated sites 
and uncontaminated sites, but their viabilities, tolerance level and degradabilities in 
contaminated soils may be totally different. The tolerance and survival of a 
potential isolate have therefore been determined before application. 
1.5.2 Biodegadation of P A H s by microorganisms 
There are three primary mechanisms by which plants (play important role in 
phytoremediation) and microorganisms remediate PAHs-contaminated soil and 
groundwater. These mechanisms include degradation and containment, as well as 
transfer of the hydrocarbons from the soil to the atmosphere (Cunningham et al., 
1996; Siciliano and Germida, 1998). Among the three, biodegradation is the 
primary mechanism responsible for bioremediation efforts. 
There is a general principle of P A H biodegradation that the higher the number of 
p a h rings (also the molecular weight) is, the greater the recalcitrance of the 
compound will be (Cemiglia, 1992; Zheng and Obbard, 2003). According to 
laboratory studies carried out with pure cultures, there are three types of 
PAH-degradation distinguished (Hinchee et al, 1994; Mahro et al’, 1994; Juhasz and 
Naisu，2000; Samanta et al., 2002): complete mineralization, cometabolic 
degradation, and unspecific radical oxidation. Complete mineralization ususally 
observed from microorganisms able to grow on a P A H as a sole source of carbon 
and energy. The reaction is triggered by the incorporation of an oxygen in the 
aromatic ring. It is catalyzed by a dioxygenase and leads to cz^-dihydrodiol 
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intermediates, and finally the P A H is degraded into carbon dioxide and water. 
For cometabolic degradation, a microorganism requires other growth substrates as 
energy source. This cometabolism process may be only a detoxification 
mechanism that microorganisms support by other nutrients but break down harmful 
P A H S that disturb their growth and/or survival. This mechanism is usually to be 
observed for H M W PAHs (Kanaly and Bartha, 1999). For example, Sphingomonas 
paucimobilis showed no growth if the medium contained benzo[a]pyrene alone, but 
it can use phenanthrene as carbon and energy source. If benzo[a]pyrene and 
phenanthrene are added together into the medium, the bacterium shows degradation 
for both compounds (Ye et al； 1996). Often the aromatic rings are not even split 
and phenolic, carboxylic, or chinoic derivatives of the PAHs accumulate as dead-end 
products. Most of the fungi transform PAHs into trans-&io\ intermediates using 
monooxygenase system. 
The oxidation process of unspecific radical oxidation results in formation of a wide 
variety of metabolic products. It is commonly found in white-rot fungi since the 
most conspicuous characterisitic of this process is that the mechanism is closely 
related to the ability of them to degrade lignin. The lignin-degrading enzyme 
system can act as peroxidases and are almost substrate-unspecific. In addition, these 
enzymes act extracellularly and can transform water-insoluble substrates or 
compounds even if those are adsorbed to solids. 
However, in fact pure cultures do not occur in nature where the environmental 
parameters are complicated. It is important to obtain more accurate information on 
the actual environmental fate of PAHs, especially with regard to bioremediation 
methods. In the bioremediation process, the microbial growth and reproduction are 
enhanced by creating a favorable environment, such as controlling pH, temperature 
or providing simple nutrient and water, etc. The best situation of bioremediation is 
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that the microorganisms use the PAHs as food and energy sources and the removal 
can be preceded at high efficiency. Besides, despite the existing evidence for 
pathway commonality in PAHs degradation, there is still no way to determine a 
priori the substrate range of PAH-degrading organisms nor can we predict the rate or 
degree of transformation of one P A H by a microorganism that is growing on a 
mixture of other PAHs. Genetic differences in PAH-degrading enzymes between 
species also appear to be greater than previously thought which could translate into a 
greater diversity of P A H degradative pathways (Laurie and Lloyd-Jones, 1999; 
Kazunga, 2000; Cemiglia and Sutherland, 2001). 
Numerous genera of micro-organisms have been observed to oxidize PAHs 
(Weissenfels et a l , 1992; Aitken et al., 1998; Daane et al,, 2001). The summary of 
the degradation pathways of PAHs by bacteria and flingi is shown in Figure 1.4. 
For BaP, up to now only limited information is available regarding the pathway for 
bacteria as only a few metabolites have been identified. Although the pathways by 
fUngi have been described to a greater extent, it is far from complete (Juhasz and 
Nadiu, 2000). 
1.5.2.1 Bacteria 
There is a great diversity of bacteria capable of degrading PAHs. It is suggested 
that nocardioform bacteria such as Rhodococcus, Nocardia, Mycobacterium and 
Gordona, may play a critical role in the degradation of H M W PAHs in soils on the 
observation that there are very few reports of bacteria outside the nocardioform 
actinomycetes group capable of growing on H M W PAHs (Kastner et aL, 1994; 
Jusahz and Naidu, 2000). Bacteria initiate the oxidation of PAHs by incorporating 
both atoms of molecular oxygen, catalyzed by a dioxygenase, into the aromatic raing 
to produce a c/^ -dihydrodiol, which is then dehydrogenated to give a catechol. 
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Since PAHs are complex fused ring structures, bacteria metabolize PAHs at multiple 
sites to form isomeric c/^-dihydrodiols (Mueller et aL 1996). The aromatic ring t 
dioxygenases are multi-component enzyme systems consisting of at least three 
proteins. Further metabolism of cz^-dihydrodiols by bacteira involves 
NAD+-dependent dehydrogenation reactions that produce catechols. The important 
step in the catabolism of PAHs involves ring-fission by dioxygenase enzymes, 
which cleave the aromatic ring to give aliphatic intermediates. Cleavage of these 
or^/zo-dihydroxylated aromatic compounds occurs between the two hydroxyl groups 
intradiol or orr/zo-fission) or adjacent to one of the hydroxyl groups (extradiol or 
meto-fission). Each of these enzymes is specific for one type of ring fission 
substrate; different enzymes lead to different aliphatic products. These 
intermediates funnel into central pathways of metabolism, i.e. T C A cycle, where 
they are oxidized to provide cellular energy or used in biosynthesis of cell 
constituents. 
1.5.2.2 Fungi 
A wide variety of fungi have been shown to metabolize PAHs that range in size from 
two to six rings. Among the PAH-degrading strains, zygomycete Cunninghamella 
elegans, ascomycetes Aspergillus niger and Penicillium sp., the white-rot 
basidiomycetes Phanerochaete chrysosporium, Pleiirotus ostreatus’ Trametes 
versicolor，and Bjerkandera sp. and the brown rot basidoiomycete Lentinuus 
lepideus have exhibited significant potential to metabolize PAHs (Morgan et al.’ 
1991; Cemiglia, 1992; Sutherland, 1992; Field et al., 1994; Lamar and Glaser, 1994; 
Vyas et al., 1994; Andersson and Henrysson, 1996; Juhasz and Naidu, 2000). 
Generally, non-ligninolytic fungi metabolize PAHs to dihydrodiols, phenols， 
quinones and dihydrodiol epoxides (Launen et al., 1990; Cemiglia, 1997; Canet et 
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a l , 1999). Conjugation products, like glucuronides, xylosides, glucosides and 
sulfates have also been reported. Conjugation pathways lead to detoxification, t 
whereas the oxidation products like quinones or dihydrodiol epoxides may be 
bioactive and toxic (Cemiglia, 1997). Several enzymatic systems are involved in 
the fungal metabolism of PAHs. 
They include intracellular cytochrome P-450 and extracellular lignin peroxidase, 
manganese peroxidase and laccase (Canet et al., 1999; Pickard et al., 1999). For 
cytrochrome P-450 system, some bacteria and non-ligninolytic fiingi can metabolize 
P A H S in pathways that are generally similar to those used by mammalian enzyme 
systems (Cemiglia et al., 1992; Barbosa et a l , 1996). They oxidize PAHs via a 
cytochrome P-450 monooxygenase by incorporating one atom of the oxygen 
molecule into the P A H to form an arene oxide and the other atom into water. The 
monooxygenases also are complex multi-component systems, usually 
membrane-bound with broad substrate specificities. Most arene oxides are 
unstable and can undergo either enzymatic hydration via epoxide hydrolase to form 
trans-dihydrodiols or non-enzymatic rearrangement to form phenols, which can be 
conjugated with glucose, sulfate, xylose, or glucuronic acid. A diverse group of 
non-ligninolytic fungi able to oxidize PAHs to rra/i^ -dihydrodiols, phenols, 
tetralones, quinones, dihydrodiol epoxides, and various conjugates of the 
hydroxylated intermediates, but only a few can mineralize PAHs to C〇2. 
The ligninolytic fungi initially attack on PAHs by extracellular enzymes known as 
laccase, lignin peroxidase and manganese peroxidase, as well as by other 
H202-producing peroxidases. Ligninolytic enzymes have been shown in vitro to 
oxidize PAHs in the presence of H2O2； they remove one electron from a PAH 
molecule thus creating an aryl cation radical, which undergoes further oxidation to 
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Figure 1.4 The major pathways in the microbial metabolism of PAHs (adopted from 
Mueller et al, 1996; Juhasz and Naidu, 2000; Cemiglia and Sutherland, 2001). 
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form a quinone (Mueller et al., 1996; Canet et a!., 1999: Jusahz and Nadiu, 2000). 
1.6 Environmental standards 
A summary on the soil standards for PAHs in different countries is shown in Table 
1.4，and the one for heavy metals is shown in Table 1.5. In Hong Kong, the Dutch 
‘ABC criteria are adopted by the H K E P D as the remediation standards, and so these 
standards were used primarily in this study. Although the Dutch standards were 
revised to only two standards, the ‘ABC, criteria are still applied in the projects 
today. The standards listed from other countries were used as references. The 
treatment targets of the contaminated soils are dependent on these standards in the 
experiments. 
1.7 Strategies of soil sampling and microbial isolation 
1.7.1 Contaminated soil vs. uncontaminated soil 
Many published microorganisms were obtained from contaminated soils. 'Survival 
of the fittest' has resulted in a very diverse collection of microorganisms that can be 
found in all kinds of extreme environments. It is believed that the microorganisms 
isolated from contaminated environments also have the ability to tolerate, and even 
to utilize the contaminants. Therefore most studies isolate pollutant-degrading 
micro-organisms from contaminated sites. On the other hand, natural microbial 
populations are much more diverse than those expected from the catalog of isolated 
microorganisms. PAHs are ubiquitous, not only are they found in 
petroleum-polluted areas, but small concentrations are present in most soils and 
sediments (Giger and Blumer, 1974; Rosenberg et al., 1992; Watanabe, 2001). 





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































virtually all natural area. Hydrocarbon-degraders have been reported in 
uncontaminated sites (Rosenberg, 1991; Atlas and Bartha，1992). Nevertheless, 
r 
there were only a few studies conducted for comparing these two sources for 
isolating pollutant-degraders. Therefore whether uncontaminated soil can be a 
source better than contaminated soil for PAH-degraders is unknown, and it is worth 
study. Therefore, in this study, soils from both contaminated and uncontaminated 
sites were collected. Moreover, since the PAHs pollution in Hong Kong is much 
more serious in coastal area (e.g. sediment and seaside soils), coastal sites for soil 
collection are targeted for analysis. 
1.7.2 Native species vs. foreign species 
It is because bioremediation is carried out in the natural environment which contains 
diverse uncharacterized organisms, most PAH-degrading microorganisms isolated 
and characterized in the laboratory are now thought to make a minor contribution to 
it. Moreover, there is no two environmental problems occurring under completely 
identical condition (Watanabe，2001). Developing a native species for 
bioremediation shows advantages that the environmental control on various climate 
conditions and hydrogeodynamics can be minimized unlike the case applying an 
introduced species isolated from foreign countries. Optimizing the oxidation of 
P A H S by the indigenous microbial community that has already adapted to the soil 
habitat is probably more economical and equally e伍dent at breaking down PAHs 
when compared with the introduction of foreign microorganisms (Launen et al., 
1995). Since the P A H contamination in coastal soil is also an environmental 
problem in Hong Kong, isolating an indigenous microorganism for application in 
bioremediation in Hong Kong is worth investigation. 
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1.7.3 Background of the sampling areas 
Two sampling sites, one is a mixed-contaminated construction area, and the other t 
one is a clean bay were selected. Figure 1.5 shows the location of the two sampling 
areas in Hong Kong. 
1.7.3.1 North Tsing Yi shipyard 
North Tsing Yi shipyard is an area of about 3.8 hectares where to be reclaimed from 
the water front in North Tsing Yi west of Ching Tai Court. Figure 1.6 shows the 
overview of the shipyard. This abandoned site has been occupied by 19 shipyard 
sites and they have been vacated since M a y 2000. Furthermore, there were 19 
workshops situated near the site boundary of the reclamation project. The project 
works of this site include construction of about 530 m of seawall and reclamation by 
public fill of about 0.5 million m l According to the contamination assessment 
report of the site, soil at some areas of the subject site has found to be contaminated 
with heavy metals, total petroleum hydrocarbons (TPH)，PAHs, phenols and PCBs. 
Biopiling is commonly accepted bioremediation method for the restoration of sites 
contaminated with T P H and PAHs. By using microorganisms to degrade 
contaminants in soil，biopiles transform hazardous/toxic materials into harmless 
elements such as water, carbon dioxide, and other innocuous products cost effectively. 
The biopile operates on the principle of volatilization and biodegradation, where air 
is extracted from the biopile to enhance volatilization of the hydrocarbons. The 
induced airflow provides oxygen for the biodegradation processes. 
Although the amounts of the organopollutants decreased by biopiling and most of the 
monitored chemicals dropped to the acceptable levels, BaP with concentration 
exceeding the soil standards can still be measured after several months of treatment 
30 
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Figure 1.5 Overview of the locations of the two sampling areas in Hong Kong, where 
A: North Tsing Yi shipyard and B: Tsam Chuk Wan, Sai Kung. 
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t 
Figure 1.6 Overview of Tsing Yi shipyard in 2002 (HKCPD, 2002). 
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(HKCPD, 2003). Thus this recalcitrant compound was chosen in this study. 
1.7.3. 2 Tsam Chuk Wan, Sai Kung 
Tsam Chuk Wan is located at northeast of Sai Kung Town, and the area has high 
landscape and scenic value. It is a recreational district with no industrial activities 
and only a few residential houses. The sampling sites are next to the Sai Kung West 
Country Park, Tang Siu Kin Recreation Centre and a private fishpond. This is 
claimed to be a clean coastal area in Hong Kong (HKEPD, 2002). The soil samples 
were collected and used as a control in this study. 
1.8 Obj ectives of this study 
This study was designed: 
1. To study the physico-chemical properties of the soil samples from contaminated 
and uncontaminated soils, where are Tsing Yi shipyard and Sai Kung 
respectively. 
2. To isolate potential PAH-degradative microbes from both contaminated and 
unpolluted soils. 
3. To screen out the best BaP-degraders for degradation and identification. 
4. To test the degradation potential of isolated PAH-degraders. 
5. To use the selected microorganism for soil bioremediation in laboratory scale. 
6. To optimize the degradation conditions of the selected microorganism isolated 
from soil samples. 
7. To investigate the breakdown pathways by GC/MS. 
8. To assess the toxicity of BaP-contaminated soils before and after the treatment by 
Trichoderma asperellum using indigenous bacteria. 
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Hopefully the result of this study can contribute to a practical bioremediation system 
r 
in Hong Kong. 
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2. Materials and Methods 
t 
2.1 Soil Collection 
2.1.1 Abandoned Shipyard Soil and its Sediment Soil 
The soil samples were collected twice in the period from August 2003 to January 
2004 from North Tsing Yi Shipyard. Collection was done not in a rainy day or after 
one week of shiny weather. There were in total eight sampling points including 4 
topsoil samples, 1 subsoil (about 10 m deep seashore soil) sample, 2 points of dug 
out soil mixed with sediment freshly, and 1 point of soil from biopile. Gloves were 
worn to avoid any potential contamination to the samples and to the collector. Soil 
samples were put into autoclaved plastic bags and sealed. Then the bags were 
labeled. 
2.1.2 Tsam Chuk Wan, Sai Kung 
The collection method was mentioned in 2.1.1. Two topsoil samples were collected 
from Tsam Chuk W a n in Sai Kung in September 2003，where is expected to be and 
confirmed later as an unpolluted coastal area. 
2.2 Characterization of soils 
2.2.1 Sample preparation 
A soil/sediment sample after collection was brought to research laboratory for 
immediate handling. A sample of 1 g soil was aseptically taken out for microbial 
biota analysis (biological characterization) as to be mentioned in 2.3 and the left soil 
was used for physical and chemical characterization as follows. 
Unless specified, all experiments for the physical and chemical characterization of 
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soil were done with three replicates. Some portions of the soil samples collected 
were air-dried, and the other portions were oven-dried at 65°C for two days for 
t 
different kinds of soil analysis. Then the soils were broken with a hammer and 
sieved through a 2 m m sieve before further analysis. 
2.2.2 Soil pH 
Ten gram of air-dried soil sample was extracted with 25 m L ultra-pure water (pH 二 
5.5) in 50 m L conical flask. The mixture was shaken at 200 rpm for 30 minutes 
(Allen, 1989; Landon, 1991). The pH value of the liquid sample was measured by a 
pH electrode connected to a Jenway Conductivity & pH Meter (4330, Jenway). 
2.2.3 Electrical conductivity 
The samples were prepared as in section 2.2.2. Then the liquids were filtered 
through Whatman no.41 filter paper and the electrical conductivity was measured by 
a Jenway Conductivity & pH Meter (4330, Jenway). 
2.2.4 Salinity 
The samples were prepared as in section 2.2.2. Two to three drops of each liquid 
sample were added into a Hand Held Salinity Refractometer with Automatic 
Temperature Compensation (A366ATC, Vista) using a dropper. Then the salinity of 
the sample was recorded from the reading in the meter. The connection between the 
reading and the salt contents of samples is shown in Table 2.1. 
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Table 2.1 The relationship between the readings of a salinity refractometer and the 
corresponding salt contents. 
ReadingiNaCl iMgCli |MgS04 ICaClz I Sucrose 
(ppt) (%, w/w) (%，w/w) (%, w/w) (%, w/w) (%, w/w) (Brix*) 
0 00 ^ ^ ^ ^ 
To LO ^ ^ r4 ^ L3 
^ L4 L8 T s Yh 
^ ^ ^ ^ ^ ^ 
40 4l ^ 
^ ^ Tl ^ 
^ ^ 4 2 ^ O 
70 72 ^ O T o ^ 
^ ^ 5?7 7 2 TTS ^ 
% ^ ^ Y i J J a ^ TTo 
T ^ 72 ^ Tio ITe T ^ 
* Brix is hydrometer scale used to measure the approximative sugar content of grape 
juice, sweet wines, and sugar solutions. The scale is calibrated to indicate percentage 
by weight of sucrose. 
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2.2.5 Total organic carbon contents 
Soil samples were freeze-dried, sieved and ground in powder form. A thin layer of 
sample was placed into a preheated (to 900°C in oven) ceramic boat. The carbon 
content of the sample was measured by a Total Organic Carbon Analyzer (Shimadzu, 
5000A). The content of the carbon was measured on a weight percent basis. 
2.2.6 Metal analysis 
All glassware and plastic wares were acid-treated in an acid bath made up with 10% 
hydrochloric acid (HCl) (Merck, Germany) overnight before use. Then they were 
transferred into a deionized water bath for at least 5 hours and oven-dried. The 
heavy metals were extracted from the samples by wet digestion method modified 
from Kalra (1998). For every sample, 1.00 g oven-dried sample was weighed and 
put into a digestion tube and 5 m L 69% HNO3 was added then。The tube was put 
into a heating digestion block (VELP D K 42/26) and undergone acid digestion 
process at 125°C for 4 hours. After the sample solution was cooled to room 
temperature, 20 m L 10% HCl was added into the tube. Next the solution was 
filtered through a Whatman No.41 filter paper and diluted to 50 m L with deionized 
water. The heavy metals contents were analyzed by inductively coupled plasma 
(ICP) spectrophotometer (AT0MSCAN16 ICP-AES, Thermo Jarrell Ash). 
2.2.7 Oil and grease content 
Oil and grease content was determined by a gravimetric method modified from 
Juteau et al. (2003). One g of each oven-dried soil sample was suspended in 10 m L 
ultrapure water, acidified with 2-3 drops of 37% hydrochloric acid (Merck) and 
extracted five times with 10 m L ethyl acetate (Analytical grade, Labscan). Extracts 
were dehydrated with anhydrous sodium sulfate (Fischer Scientific) and filtered 
38 
using syringes with PTFE 0.45 |im-micro filter. The solution was placed in a 
preweighed 100 m L round-bottomed flask, and the solvent was evaporated with a 
r 
rotary evaporator kept at 30°C. The flask was put under vacuum overnight and then 
weighted. The oil and grease content of the sample was calculated based on the 
difference in weight of the flask. 
2.2.8 Soil texture 
The Bouyoucos hydrometer method (Allen, 1989), which measures the decrease in 
density of suspension as soil particles settle, was employed in textural analysis that 
measures the decrease in density of the suspension as particles settle. 
Fifty grams of air-dried 2 m m sieved soil sample were weighed and added into a 
container of a high-speed stirrer. Twenty five m L 5 % Calgon solution (50 g sodium 
hexametaphosphate/L (Sigma P8510, pH = 9) and 400 m L tap water were added. 
Then the mixture was stirred for 15 minutes. The mixture was transferred to a 1 L 
cylinder and diluted to mark with tap water. Then it was stirred for 1 minute with a 
paddle. A Bouyoucos soil hydrometer was used to commerce timing for readings. 
Readings were taken 4 min 48 seconds (for silt and clay content) and 5 hours (for 
clay content). For every degree above 19.5°C to each reading, 0.3 units were added. 
The soil moisture was determined at the time of weighing. The sand, silt and clay 
content were expressed as percentages and its textural class was determined 
following the classification of International Society of Soil Science. 
2.2.9 Available ammoniac al nitrogen and oxidized nitrogen 
Available ammoniacal nitrogen and oxidized nitrogen were measured by San* 
Automated Wet Chemistry Analyzer (AIA) (Skalar) after extraction with IM 
potassium chloride (KCl) (BDH) (Rowell, 1996). Ten gram of fresh 0.25 m m 
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sieved soil and 100 m L KCl were put in a 250 m L conical flask. Then the mixture 
was shaken at 150 rpm for 1 hr. Two blanks were run with I M KCl only. The f 
suspension was allowed to settle and filter through Whatman no. 41 filter paper. 
2.2.10 Available phosphorus 
Available orthophosphate was determined by AIA after extraction with Troug's 
reagent ((NH4)S04 buffer, pH = 3.0) at 150 rpm for 30 min (Troug, 1930). Two 
blanks were run without soil. The suspension was allowed to settle and filtered 
through Whatman no. 41 filter paper before measurement. 
2.2.11 Total nitrogen and total phosphorus 
Five hundred m g of air-dried soil were weighed into a digestion tube. Then 5 m L 
69% nitric acid，1 m L 37% HCl and 0.5 m L 98% sulphuric acid were added 
(modified from Allen, 1989). Samples were heated in a heating digestion block 
(VELP D K 42/26). The samples were cooled down and diluted to about 10 m L 
with deionized water. Then the liquids were filtered through Whatman no. 41 filter 
paper and further diluted to 50 m L using a volumetric flask. Two blank digestions 
were also carried out in the same way. The phosphorus content was detected by 
AIA. 
2.2.12 Moisture 
Estimation of soil moisture content in soil is often used for dry weight correction of 
other analytical data. Ten g of each soil samples were added into a pre-weighed 
aluminum cup and then placed in a 105°C oven to dry to constant weight for 2 days. 
After cooling, the dried soils were weighed and the water contents of the samples 
were calculated. 
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2.2.13 DTPA-extractable metals 
f 
The extraction method was according to Soltanpour and Schwab (1977). Ten 
grams of each air-dried soil were weighed into a 50 m L conical flask. Twenty m L 
of ammonium bicarbonate-diethylenetriaminepentaacetic acid (AB-DTPA) extraction 
reagent was added in each sample. Samples were put on a mechanical platform 
shaker for two hours at 180 rpm. Sample solutions were immediately filtered and 
the concentrations of metals in the extracts were measured by ICP. 
2.2.14 Extraction of PAHs and organic pollutants 
2.2.14.1 Extraction procedures 
The method used was modified from Zheng and Obbard (2003). The organic 
fraction of LOO g soil was extracted with 10 m L dichloromethane (DCM) (Analytical 
grade, Labscan) shaking at 200 rpm for 2 hrs. After the first extraction, it was 
repeated with another 10 m L solvent for another 2 hours. The solvent was 
transferred in a 50 m L round bottom flask and then concentrated and evaporated at 
60°C by a rotary evaporator with a vacuum pump. One m L of acetone (HPLC grade, 
Labscan) was used to redissolve the crystal after evaporation. The acetone was 
filtered by a 0.45 /xm filter (Acrodisc syringe filters 4CR PTFE) and kept at -20°C 
for gas chromatography-mass spectrometry (GC-MSD) measurement. 
2.2.14.2 GC-MS conditions -
Separation of sample components was performed on a 0.25 m m (i.d.) x 30 m HP-1 
methyl siloxane capillary column coated with a 0.25 iim film (Hewlett Packard 
HP19091Z-413). The conditions and temperature profiles for PAHs analysis were 
listed in Table 2.3 and 2.4. 
41 
Table 2.2 The international scale for particle size distribution of sand, silt and clay. 
Fraction m m 
S ^ 2.0-0.02 ‘ 
^ 0.02-0.002 
C l ^ <0.002 
Table 2.3 The G C - M S D conditions for PAHs analysis. 
Parameter Condition 
Carrier gas High purity helium 
Column flow rate 2 mL/minute 
Column pressure 122.2 kPa 
Oven temperature 60°C 
Oven equilibrium time 1.5 minutes 
Injection temperature 250°C 
Interface temperature 250°C 
Final temperature 300°C 
Ramp temperature 8°C/minute 
Hold time 10 minutes 
Split mode Splitless 
Solvent cut 4 minutes 
Table 2.4 The temperature profile for G C - M S D for sample analysis. 
Rate Temperature Hold time Run time 
Oven situation 
(。C/min) (。C) (min) (min) 
Initial / ^ 1.5 1.5 
R ^ 8 ^ T ^ 4IT5 
Post run 7 ^ ^ ^ 
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2.2.14.3 Extraction efficiency 
From the equation: Extraction efficiency (EE) (%) = (Ag/Aj) x 100 %, EE is the 
r 
percentage of target chemical extracted from the soil; Ae is the amount of chemical 
(mg) adsorbed on soil and Aj is the amount of chemical (mg) added into the soil. 
In order to check the extraction efficiency of the extraction method for BaP, 3 
replicates of blank sample and 3 replicates of sample with known concentration of 
BaP, for both soil and liquid samples, were prepared. The extraction efficiency can 
be calculated by the equation: 
([sample added with BaP] - [blank sample])/ conc. of BaP added x 100%. 
In this study the extraction efficiencies of soil and liquid samples were 96.23 土 
2.84% and 100 土 2.57o/o correspondingly. 
2.2.15 Soil colour 
Soil colour is the most obvious soil property and gives an immediate indication of 
the condition of the soil system. The colour of a soil is controlled by the amount of 
organic matter in the profile and by the state of any iron present. Soils rich in 
organic matter are dark. Soils rich in oxidized iron have a reddish tint; soils 
containing iron in the ferrous state are mainly grey (School of Geography, University 
of Plymouth, 2004). The colour of the samples was compared to a series of 
coloured chips in Munsell soil colour chart. 
2.3 Screening and selection of microorganisms 
Aseptic techniques were performed for the procedures in this part. 
4 3 
2.3.1 Isolationof potenetial BaP-degrading microorganisms 
2.3.1.1 Isolation of bacteria 
Bacteria were isolated from fresh soil samples by spread plate method using nutrient 
agar (NA) plate and minimal medium ( M M ) plate with 50 mg/kg Benzo[a]pyrene. 
The compositon of M S M is shown in Table 2.5 One gram of sample was weighed 
into an autoclaved test tube with 9.0 m L of sterilized O.S5% sodium chloride. Then 
this mixture was mixed with vortex and serial dilution (10"^  to 10"^ ) was performed. 
One hundred \iL of each dilution of microbial solutions were transferred as inoculum 
into N A plate for total bacterial count and M S M plate with 50 m g BaP/L for 
BaP-tolerants count. The solution was spread evenly on the plates with a glass 
spreader. Then the plates were labelled and incubated at 30°C. The plates with 
colony number within countable range (30 - 200) were chosen as the suitble dilutions. 
Total bacteria count was performed after 24 hour incubation and BaP-tolerant count 
was performed after 2 week incubation. The result was presented as the colony 
forming unit (cfu) per gram of dried soil. Colonies obtained were distinguished 
morphologically by their colony size, color, shape, reflection, mycelia and 
transparency. 
2.3.1.2 Isolation of fungi 
Fungi were isolated using potato dextrose agar (PDA) plate and mineral medium 
plate with 50 mg/kg Benzo[a]pyrene. The isolation steps of fungi were mostly the 
same as those of bacterium unless the total mould count was obtained after 5-day 
incubation that fungi usually need a longer time to grow as an observable colony 
than bacteria. 
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Table 2.5 The composition of mineral salt medium. 
Chemicals |Amount/L 
(NH4)2S04 (Sigma) T ^ .’ 
KH2PO4 (RDH) 
Fe(NH4)2(S04)2 (Mallinckvodt®) 5 m g 
MgS〇4 • 7H2O (USH) 100 m g 
Trace elements* 1 m L 
Glucose (BDH) T g 
* The composition of the trace metal solution (per litre): 3.3 m g MnS04 •H2O, 6.2 
m g CUSO4 • 5H2O，7.6 m g ZnSCU • 7H2O, 11.7 m g NazMoCV 2H2O and 64.6 m g 
FeS04 • 7H2O in 0.05N HCL 
Table 2.6 The composition of Luria Broth (LB). 
Chemicals Amount (g/L) 
Tryptone (Difco) 10 
Yeast extract (LabM) 5 
Sodium chloride (BDH) 5 
Table 2.7 The composition of Complete Medium (CM). 
Chemicals Amount (g/L) 
M g S C V 7H2O (USH) ^ 
KH2PO4 (RDH) ^ 
K2HPO4 (RDH) "I 
Peptone (LabM) 2 
Glucose (BDH) 20 
Yeast Extract (LabM) 2 
Thiamin HCl ^ 
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2.3.2 Cultures preserving micro-organisms 
Bacterial strains were maintained on Luria Broth (LB) medium and fungal strains t 
were grown on complete medium (CM). The compositions of the two media were 
shown in Tables 2.6 and 2.7. Plate cultures were incubated at 30°C, and broth 
cultures were aerated by shaking at 150 rpm. 
2.3.3 Screening and selection of microbes 
2.3.3.1 Bacteria 
The colonies obtained from the M S M plates with BaP were picked and purified. 
Isolates showing growth in minimal medium with BaP without inhibition were 
selected for further analysis of their performance. Minimal media with different 
concentrations of BaP (0, 10，25, and 50 m g BaP/L) were prepared and transferred 
into a 96-well microplate. The purified bacterial cultures were suspeneded in 
0.85% NaCl and pipetted into the wells of the microplates. For each bacterium, 
three replicates of each concentration were tested. In each well, the final volume 
was 200 jtxL in which 180 fiL were medium and 20 /xL were inoculum. The optical 
density (580 run) was measured by using Microplate Spectrophotometer at 24 hours 
interval over 5 days. Then the growth rate and tolerant level of the isolates were 
compared by plotting graphs of translucent vs. cell density (unicellular). 
2.3.3.2 Fungi 
The colonies obtained from the M S M plates with BaP were picked and purified. 
Isolates showing growth in minimal medium with BaP without inhibition were 
selected for further analysis of their performance. For each fungus, one 6-well 
microplate was used. The six wells contained minimal medium agar with 0, 25, 50, 
100 and 200 mg/L BaP, and P D A agar, respectively. The colony radius was 
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measured to semi-quantify growth condition. The microbes with a better growth 
at higher concentration of BaP were selected for further experiment. 
2.3.4 Survival test 
In order to check the viability of the microbes in the contaminated soil, the microbes 
were added into the Tsing Yi soils to see whether the isolates can survive and grow in 
it. The incubation time were 3 days and a week for bacteria and fungi, respectively. 
Those micro-organisms could not show a positive growth in the soils were rejected 
for further experiments. 
2.3.5 Removal efficiency (RE) towards BaP by the micro-organisms 
2.3.5.1 Bacteria 
Bacteria were grown in LB for one day, centrifuged and resuspended in 0.85% NaCl 
as inoculum. In the experiment three replicates were done for each treatment and 
control. For each bacterium, 1 m L inoculum was inoculated into 9 m L of minimal 
medium with 10 m g BaP/L in an autoclaved culture tube. Medium without inocula 
was used as control to test for abiotic loss and the stability of BaP. The tubes were 
shaken at 180 rpm at 30°C. The removal of BaP by the isolates was measured after 
5 days. In liquid system, removal can be mediated by degradation and sorption 
respectively. Sorption removal refers to the amount of the BaP bound to the 
bacterial biomass and container (including adsorption and absorption of the BaP). 
The cultures were centrifuged at 8500 rpm for 5 mins to separate the medium and 
biomass into two tubes for each bacterium. The extration method of BaP were as 
the same as that stated in section 2.2.14. For the extration of medium, only the 
organic phase in the tube was transferred into the round bottom flask. Degradation 
removal is calculated by subtracting the total residual BaP measured (BaP in the 
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aqueous medium and sorbed BaP) from the initial BaP added. 
f 
2.3.5.2 Fungi 
Fungi were grown in C M for a week. Then the biomass was collected by filtration 
aseptically. The biomass was put into a sterilized blender with double volume of 
autoclaved ultra pure water and the biomass was blended into slurry form as 
inoculum. In the experiment three replicates was done for each treatment and 
control. For each fungus, 0.5 m L inoculum was introduced into 30 m L of minimal 
medium with 10 and 100 m g BaP/L in an autoclaved conical flask. Medium 
without inocula was used as control to test for abiotic loss and the stability of BaP. 
The flasks were shaken at 150 rpm at 30°C. The removal of BaP by the isolates 
was measured after 5 days. The biomass and medium were seperated by sieve 
again into two tubes. The extraction method of BaP was as the same as that stated 
in section 2.2.15 and the following steps were as same as those of bacteria. 
2.3.6 Removal efficiency (RE) 
Removal efficiency (RE) is defined as the ratio of the amount of the P A H removed to 
the initial P A H amount by percentage. It is calculated according to following 
equations: 
R E by degradation (%) = (Ci — Cf - Cb/ CO x 100 % 
RE by sorption (%) = (Cb/ Q ) x 100 % 
As total R E (%) = RE by degradation (%) + RE by sorption (%), then 
Total R E (%) = (Ci - Cf/ Q x 100 % 
where 
Ci 二 initial BaP concentration (mg/ L); C/= final BaP concentration (mg/ L); 
Cb 二 sorbed BaP concentration (mg/ L). 
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2.3.7 Relationship of absorbance of bacterial culture and bacterial biomass 
Absorbance of the bacterial culture can be converted to equivalent weight of biomass 
f 
by drying the cultured bacteria. The absorbance of the bacterial culture was 
measured by spectrophotometry at 580 nm. The biomass of bacterium was 
harvested after 1 day incubation at 30°C in 30 m L LB medium. Then the biomass 
was centrifuged. The supernatant was removed and the remained biomass was 
freeze-dried. The weight of biomass was determined by an electrical balance. 
2.4 Identification of selected microorganisms 
2.4.1 Identification of bacterium 
2.4.1.1 16S rDNA sequencing 
2.4.1.1.2 Primers 
The specific 16S r D N A primers were designed based on the alignment of 17 
published bacterial 16S r D N A sequences obtained from GenBank 
(http://www.ncbi.nlm.nih.gov.) using software DNAsis (version 2.5). The 
sequences belong to different bacterial genera and species, including Xanthomonas 
sp. AU2502, Comamonas testosteroni, Comamonas sp. NSP7, Mycobacterium 
gilvum, Mycobacterium microti, Pseudomonas putida, Pseudomonas rhodesiae, 
Burkholderia cepacia, Rhodococcus opacus, Rhodococcus sp. 870-AN019, 
Sphingomonas paucimobilis, Sphingobium yanoikuyae, Sphingomonas yanoikuyae, 
Sphingopyxis chilensis, Sphingomonas sp. A T C C 35159, uncultured actinomycete. 
The primers sequences are shown in Table 2.8. 
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T ^ Forward 5'-ACATGCAAGTCGA-3‘ 
58°C 
Reverse 5'-ACTGCTGCCTCCCGTAGGAGT-3' 
Table 2.9 The conditions for P G R for amplifying 16S rDNA. 
P C R Mixture Thermal Profile 
lOX Reaction Buffer VI 2.5 |aL Stepl 94 °C 2 mins 
2 5 m M M g C h 2.5 ！^L Step2 95。C 2 mins 
2.5mM dNTPs 1.6 )LIL Step3 58 °C 1 min 
Ultra Pure Water 12.3 ^ iL Step4 72。C 2 mins 
Forward primer (lOpM) 0.5 \iL Steps 2-4 were repeated for 35 times 
Backward primer (lOpM) 0.5 ^ L Step5 72。C 10 mins 
Taq D N A polymerase (AB 
0.1 f^ L Step6 4°C Indefinite 
gene) 
D N A Template 5.0 ^ L 
Total Volume 25 ]iL 
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2.4.1.1.3 D N A extraction 
f 
D N A s of the microorganisms were extracted using a D N A extraction kit (NucleoSpin 
Plant, Macherey-Nagel). Two loopful of bacteria were transferred into a 1.5 m L 
eppendorf tube. Four hundred jiL of lysis buffer (buffer CI as described by the kit) 
was added. Then the tube was mixed by vortex and incubated at 60°C for 30 min. 
to enhance the yield of D N A . Then the mixture was centrifuged for 5 minutes at 
10,000 g and the lysate was transferred to a new tube. After that, 400 [xL binding 
buffer (buffer C4) and 300 |iL ethanol were added for precipitation. The mixture 
was mixed by inverting the tube 2-4 times. This mixture was then loaded to a 
NucleoSpin Plant column with a 2 m L centrifuge tube and centrifuged for 1 min. 
The flowthrough was then discarded. Afterwards, 400 [xL wash buffer (buffer C W ) 
were pipetted into the column and the tube was centrifuged again for 30s. 
Flowthrough was discarded. Then totally 900 ]iL of another wash buffer (buffer C5) 
was added into the column (700 i^L and 200 jiL each time respectively). The 
column was centrifuged again for 2 minutes at full speed in order to remove the wash 
buffer completely. The column was then placed in a new 1.5 centrifuge tube. 100 
I^ L elution buffer (CE, preheated to 70。C) was added onto the membrane. The 
mixture was incubated for 5 minutes and then centrifuged for 1 minute to elute the 
extracted DNAs. 
2.4.1.1.5 Specific P G R 
The condition of P C R is summarized in Table 2.9. 
2.4.1.1.4 Gel electrophoresis 
A 2 % agarose gel (0.4g of agarose (Invitrogen) dissolved in 40 m L of Ix TBE buffer) 
5 1 
was set. One i^L of loading dye (MBI Fermentas) was mixed with 3 /xL D N A 
sample and in parallel D N A ladder (1 /xL of GeneRuler™ 100 bp D N A Ladder Plus t 
(MBI Fermentas) with 4 /xL of ultrapure water) was run as D N A marker. Samples 
were loaded into wells of the solidified gel. They were allowed to run at lOOV for 
20 minutes. Afterwards, D N A was visualized using ethidium bromide staining 
under U V light. Gel image was captured using a gel documentation system 
(BIORAD Gel Doc 1000). 
2.4.1.1.5 Purification of P G R products 
P C R amplified fragments were purified by gene clean kit (GENECLEAN®Spin Kit, 
BIO 101，Inc.). P C R product was added into a spin filter with 400 fiL glassmilk. 
Then the mixture was allowed to bind at 55。C for 5 min and the filter was inverted 
every minute. Then it was centrifuged at 10,000 g for 1 min, and the flow through 
was discarded. 500 j^ L washing buffer (New wash provided by manufacturer) were 
added and the tube was centrifuged for 30 min. Afterwards the catch tube was 
emptied and centrifuged for 2 more min to dry the pellet. After that, the filter was 
transferred to a fresh catch tube. Fifteen juL of elution solution were added and then 
the tube was centrifuged for 30s. So the purified D N A was collected in the catch 
tube. The purified P C R product was then checked for its quantity by gel 
electrophoresis. 
2.4.1.1.6 D N A sequencing 
The purified P C R product was then undergone cycle sequencing in order to increase 
product amount and label the D N A with different fluorescent dyes using D N A 
sequencing kit (PE Applied Biosystems). Conditions for cycle sequencing are 
shown in Table 2.10. 
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Then the products were purified by sodium acetate (NaOAc)/ethanol precipitation. 
Forty |LIL of N a O A c were added to 1 m L 95% ethanol (freezed at -20 before use) f 
and mixed. Then the mixture was kept in ice bath. Twenty six m L of the ethanol 
mixture and all cycle sequencing product were added into a 0.6 m L eppendorf. Then 
the tube was incubated in ice for 15 min. Afterwards, the tube was centrifuged at 
14,000 g for 25 min and the supernatant was discarded. Two hundred m L of 70% 
ethanol was added. Then it was vortex mixed and centrifuged for 20 min. 
Supernatant was discarded, and the pellet was vacuum dried for 2 minutes. Twelve 
m L of Template Suppresser Reagent (PE Applied Biosystems) instead of ultra pure 
water were added to resuspend the dried pellet in the last step. The solution was 
denatured at 95°C for 2 minutes and then immediately chilled on ice for 5 min to 
prevent fusion of D N A strands. The sample was collected by a brief centrifligation. 
Samples were then sequenced by ABI Prism 310 Genetic Analyser (PE Applied 
Biosystems) and processed by using software Sequencing Analysis version 3.0 (PE 
Applied Biosystems). Putative identification was made by homology search with 
Genbank using B L A S T function (http://www.ncbi.nlm.iihi.gov/blast/Blast.cgi). 
2.4.1.2 Midi Sherlock® Microbial Identification System (MIDI) 
MIDI identifies bacteria by their whole cell fatty acid profile. E. coli was used as 
the positive control in this method. The 5 major steps of MIDI are summarized in 
Table 2.11. 
Harvesting: The bacterium was cultured on BBL® Trypticase soy broth agar (TSBA) 
(30g Tryticase soy broth and 15g Granulated agar per IL) (Becton, Dickinson and 
Company; Sparks, M D 21152, USA) plate for 24 hours. Then two loops of 
bacterial cells were harvested. 
Saponification: 1.0 m L saponification reagent (45g sodium hydroxide (Riedel-de 
53 
f 
Table 2.10 The conditions for cycle sequencing. 
P G R Mixture Thermal Profile 
D N A template* |0.5 - 5 |iL Stepl |96°C 110 sec 
1.6 p M of forward primer 1 \jiL Step2 50 5 sec 
Ultra pure water* 0 - 4.5 Step3 60 °C 4 min 
dRhodamine Terminator 
4 [xL Step 1-3 were repeated for 25 times 
(PE Biosystems) 
Total Volume 10 )iL Step4 4 ° C I Indefinite 
*The volume of D N A template was decided based on the quality of the purified P C R 
product that about 60 ng D N A were required, and the volume of ultra pure water was 
depended on the volume of P C R product added in order to make up to 5 iiL. 
Table 2.11 The protocols for the MIDI analysis. 
Steps Purpose 
Harvesting Cells from T S B A were collected 
Saponification Fatty acids was liberated by lysis the cells 
Methyl esters of fatty acids (FAMEs) were 
Methylation 
formed 
F A M E s were extracted to organic phase from 
Extraction 
aqueous 




Haen, Germany in 150 m L methanol (HPLC grade, Mallinckrodt) and 150 m L ultra 
pure water) was added into the tube and vortex mixed. The tube was heated at 
100°C in a water bath for 5 min. Then it was cooled slightly and vortex for 5-10 sec. 
The tube was then heat at 100°C for another 25 min and cooled again by running tap 
water. 
Methylation: 2.0 m L methylation reagent (325 m L 6.00N hydrochloric 
(Mallinckrodt): with 275 m L Methanol (HPLC grade，Mallinckrodt) were added into 
the tube and mixed well. The tube was heated at 80。C for 10 min and then cooled 
to room temperature. 
Extraction: 1.25 m L extraction solvent (200 m L methyl tert-butyl ether (MTBE) 
(Scharlau chemie, Barcelona, Spain) with 200 m L 85 % "-hexane (Mallinckrodt)) 
were added. Then the tube was mixed end-over-end for 10 min. The bottom 
aqueous phase was removed. 
Base washing: 3.0 m L base wash (10.8 g sodium hydroxide (Riedel-de Haen, 
Germany) in 900 m L ultra pure water) were added. Then the tube was mixed 
end-over-end for 5 min. A few drops of saturated NaCl solution were added to 
break the emulsion. The upper organic phase was ready for Hewlett-Packard 6890 
gas chromatography analysis and compared with H P A.06.X ChemStation Software 
which contains an extensive databases over 2000 species, including aerobic bacteria, 
anaerobic bacteria and yeasts. 
2.4.1.3 Biolog MicroLog™ system (Biolog) 
Biolog system is a 96 well microtiter plate with 95 different carbon sources and one 
reference well. A nutrient buffer and oxidized form of tetrazolium dye is added to 
all of the wells. The system detects whether or not an organism is capable of 
utilizing a specific carbon source under standardized conditions (Kiil and Sasa, 2000). 
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The substrates of the plate are shown in Table. 2.12. 
A n overnight culture was prepared by growing the bacterium on Biolog universal 
growth agar + blood (BUGB) (57g B U G agar (Biolog, Inc.，Hayward, California, 
USA) in 950 m L water, after autoclaving 50 m L sterile fresh defibrinated sheep's 
blood (HemoStat Laboratories, Dixon, California, USA) was added after cooling) for 
12-18 hours at 30°C. A certain amount of bacterial culture was added to the GN/GP 
inoculating fluid (20 m L sterile 7.66% sodium thioglycolate (Biolog, Inc., Hayward, 
California, USA)) by sterilized Q-tips® cotton swabs (ChesebroughPond's U S A Co., 
Greenwich, Connecticut, USA). In order to make an even cell suspension, 
adjustment was made to make fit the cell density falling in the range of GP upper and 
lower turbidity standards (Biolog catalogue no.3514) either by addition of cells or 
0.85 % NaCl. Then 150 pL culture was added into those 96 wells of the 
microplate and was incubated at 30/37 for 16-24 hours. If the substrates in the 
wells were used by the bacterium, tetrazolium dye was reduced to generate a purple 
color, therefore a specific colour pattern could be shown for different bacteria. 
Finally, the microplate was subjected to the Biolog Micro Station reader (Biolog, Inc., 
Hayward,CA, USA) analysis and compared with the MicroLog™ software which 
consists of a database containing substrate utilization patterns of 1,400 species of 
aerobic bacteria, anaerobic bacteria, and yeast. An identification of the bacterium 
was made when an adequate match (similarity index > 0.5) were found. 
2.4.2 Identification of fungi 
2.4.2.1 ITS DNA sequencing 
The procedures of D N A sequencing for fungi were the same as those for bacteria 









































































































































































































































































































































































































































































































































































































































































































































































2.4.2.2 Observation under electronic microscope 
Fungi were cultured on C M plate for 4 days to a week. The mycelia of the fungi 
was picked and made in to slides. Then the structures of the mycelia and spores 
were observed under microscope, and were compared to the record of those fungi for 
confirmation. 
2.5 Growth curve of the microorganisms 
2.5.1 Bacterium 
A colony of the selected bacterium was picked and grown in LB broth overnight. 
Then the culture was inoculated into a fresh LB broth (100 mL) at 180 rpm at 30°C. 
The absorbance of the medium was measured at 580 n m at every 4 hour interval. 
The corresponding biomass of the bacterium can be calculated by plotting O.D. 
against weight of biomass in certain volume of medium. 
2.5.2 Fungi 
The fungi were grown in C M instead of LB broth. The biomass of the fungus was 
collected daily by using a suction funnel with Whatman GF/C filter paper. Then the 
filter paper with biomass was freeze-dried and the weight of the biomass was 
measured. 
2.6 Preparation of Benzo[a]pyrene (BaP) stock solution 
A 1000 mg/L of BaP stock solution was prepared by dissolving Ig BaP (>99% purity, 
Sigma) into 1000 m L acetone (Lab Scan, HPLC grade). The stock solution was 
kept in darkness at -20°C. 
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Table 2.13 The sequences of the used primers for fungi. 
Sequence Annealing 
temperture 
ITS 1 Forward 5，- G G A A G T A A A A G T C G T A A C A A G G - 3 厂 
58 C 
Reverse 5 '-TCCTCCGCTTATTGATATGC-3 ‘ 
ITS 2* Forward 5 ' - T C A G T G A A T C A T C G A - 3 ‘ 
* This primer was used in sequencing only and not for specific PCR. 
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freeze-dried by freeze-dryer (Labconco, Missouri, USA) at -47''C and reduced 
pressure at 133 x 10'^  mBar for 2 days. The material was used for chitin assay to be 
mentioned in section 2.9 in order to standardize the quantity of inoculum for 
comparative studies. 
2.8.2 Effect of incubation time 
Exactly 0.5 g straw compost with mycelium was weighed and inoculated in 10 g 
Tsing Yi soil artificially contaminated with additional 10 mg/kg BaP in a 100 m L 
glass bottle and sealed with aluminum foil. The bottle was incubated at 28°C and 
shaken at 180 rpm. The content inside the bottle was extracted (see Section 2.2.15) 
after 3, 5, 8, 10, and 13 days. 
2.8.3 Effect of initial BaP concentration 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the initial BaP concentrations into 10, 25，50, 100 and 
200 mg/kg for 5 days. 
2.8.4. Effect of inoculum size 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the inoculum size of biomass into 0.25, 0.5, 1，2 and 5 
g. 
2.8.5 Effect of temperature 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the incubation temperature into 10°C, 20°C, 30°C, 35°C, 
40°C and 45°C. 
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freeze-dried by freeze-dryer (Labconco, Missouri, U S A ) at -47°C and reduced 
pressure at 133 x 10"^  mBar for 2 days. The material was used for chitin assay to be 
mentioned in section 2.9 in order to standardize the quantity of inoculum for 
comparative studies. 
2.8.2 Effect of incubation time 
Exactly 0.5 g straw compost with mycelium was weighed and inoculated in 10 g 
Tsing Yi soil artificially contaminated with additional 10 mg/kg BaP in a 100 m L 
glass bottle and sealed with aluminum foil. The bottle was incubated at 28°C and 
shaken at 180 rpm. The content inside the bottle was extracted (see Section 2.2.15) 
after 3，5, 8, 10，and 13 days. 
2.8.3 Effect of initial BaP concentration 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the initial BaP concentrations into 10, 25，50, 100 and 
200 mg/kg for 5 days. 
2.8.4. Effect of inoculum size 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the inoculum size of biomass into 0.25，0.5, 1，2 and 5 
g. 
2.8.5 Effect of temperature 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except changing the incubation temperature into 10。C, 20°C, 30°C, 35°C, 
40°C and 45°C. 
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2.8.6 Effect of soil pH 
Batches with the same conditions as described in Section 2.8.2 and kept at stationary 
were applied except adjusting the soil pH value into 4，6, 7, 8 and 10. 
2.8.7 Study of BaP degradation pathway by the micro-organisms using G C - M S D 
Degradation pathway of BaP by the selected micro-organisms was studied. All the 
procedures and instruments employed were the same as Section 2.2.15. 
2.9 Chitin Assay 
The chitin content of the fungal compost was determined gravimetric ally after 
solubilizing the protein and minerals based on the chitin assay (Lena et al., 1993). 
Freeze-dried substrate was first undergone alkaline hydrolysis by IN sodium 
hydroxide (NaOH) in a ratio of 1:40 (w/v). The mixture was then heated at 120°C 
for 15 minutes. After cooling to room temperature, the pellet (cell wall) was 
collected by centrifugation. It was washed with distilled water by centrifugation 
until the solution became colourless. The pellet was then demineralized using 2N 
HCl in a solid/solvent ratio of 1:10 (w/v). The reaction mixture was heated at 95°C 
overnight and the supernatant was collected by filtration using Whatman GF/C filter 
paper. An excess 12N N a O H was added to the supernatant, and the precipitate 
formed was collected by filtration with oven-dried and pre-weighted filter paper. 
Then the filter paper was dried in an oven at 105°C. The difference in oven-dried 
weights of the filter paper with and without chitin preparation was then calculated. 
The percentage of chitin content of S M C (w/w) was calculated according to the 
equation: 
Chitin content (%) 二 ( W f - W i ) / W s x 100%, where 
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Wf： the dry weight of chitin residue with filter paper (g), 
Wi： the dry weight of filter paper (g), and W s is the dry weight of substrate (g). 
2.10 Enzyme assay 
2.10.1 Laccase assay 
The laccase activity of crude enzyme was measured by the ABTS assay modified 
from Lang et al. (1997) and Galvez et al. (2000). The reaction mixture contained 1 
mM 2,2 ‘-azinobis-3-ethylbenthiazoline-6-sulfonate (ABTS), 100 mM succinic-lactic 
acid buffer (pH 4.5) and 100 j^L sample, in a total volume of 1 mL. The reaction 
rate of cation radical formation was measured at 420 nm (Emax= 36,000 M"^  cm'^) at 
room temperature for a total of 3 min. A diode array spectrophotometer (Milton 
Roy SP3000) fitted with time scan function was used. The reaction was initiated at 
the moment of sample addition and the absorbance was monitored every 15s in the 
following 3 min in order to determine the slope of the rate of color change, which 
indicated the rate of catalytic reaction. 
2.10.2 Manganese peroxidase assay 
Manganese peroxidase of crude enzyme was measured by the M B T H / D M A B assay 
modified from Castillo et al. (1994) and Lang et al. (1997). The reaction mixture 
contained 0.07 m M 3-methyl-2-benzothiazolinone hydrazone (MBTH), 0.99 m M 
3-(dimethylamino)-benzoic acid (DMAB), 0.3 m M MnSC^，0.05 m M H2O2, 100 
m M succinic-lactic acid buffer (pH 4.5) and 100 |.iL sample, in a total volume of 1 
mL. The reaction of purple indamine dye product formation was initiated by 
addition of H2O2. The absorbance of reaction mixture was measured at ?)TC at 
590 nm (Emax 二 53,000 M'^ cm'^ ). A spectrophotometer fitted with time scan 
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function was used. The first absorbance measurement was recorded after exactly 
15s. Then the reaction was monitored in the following 3 min. 
2.10.3 Lignin peroxidase assay 
Lignin peroxidase of crude enzyme was measured by the veratryl alcohol assay 
modified from Have et al. (1997) and Hofrichter et al. (1999). The reaction mixture 
contained 0.02 m M veratryl alcohol, 0.15 m M H2O2, 100 m M sodium acetate buffer 
(pH 3.0) and 100 |jJL sample in a total volume of 1 mL. The reaction of veratryl 
alcohol oxidation was initiated by addition of H2O2. The absorbance was measured 
at 30^C at 310 n m (E^ax 二 9300 M'^ cm"^). A spectrophotometer fitted with time 
scan function was used. Time zero was set at the moment of addition of H2O2 and 
the absorbance was monitored every 15 s for 3 min. 
2.11 Toxicity of treated soil 
The contaminated Tsing Yi soil after treatment of the selected fungus was tested 
whether the toxicity of the soil had been decreased. Three species of bacteria 
isolated from the Tsing Yi soil samples were used, including a Methylobacterium sp., 
a Pseudomonas sp. and a Bacillus sp. The bacterium was first grown in LB broth 
overnight and then washed by 0.85% NaCl. Four hundred [il of each bacterial 
suspension were then inoculated into 1 g of soil respectively and incubated for 3 days. 
The bacterial count on LB agar plate was done before and after the toxicity test by 
spread plate method. The difference between the changes in the number of bacterial 
colonies of control and treatment were used as an indicator of soil toxicity. 
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2.12 Statistical analysis 
Data were presented in mean 土 standard deviation. One-way analysis of variance 
(ANOVA) was used to detect any significant difference among the treatments and the 
control if there were a number of cases (when more than 2 parameters were 
concerned at the same time, two-way A N O V A was used). If only two sets of data 
were compared, student t test was used instead of A N O V A . Ranking of the groups 
was performed with Tukey test (p = 0.05) in the case of significant difference was 
found among the group and letters a, b, c represent the ranking from the highest to 





3.1 Soil Collection 
Figure 3.1 shows the environmental settings of the two sampling areas. 
3.1.1 North Tsing Yi Shipyard 
Soil samples were collected on two sunny days in the period from August 2003 to 
January 2004. There were totally eight sampling points: one was a new biopile 
(time zero); two were at the middle of the proposed seawall cope line that one of it 
was about 3 meters deeper than the other since the surface soil was dug and removed; 
one was under a tree and had some grasses growing on it; one was a lump of dug 
soil; one was a lump of soil mixed with some sediment dug from the near sea; and 
two were from a pile of a mixture of excavated soil from the site near the old Hip 
Shing Shipyard and the other was at the western part of the site that the soil was dug 
from the inshore site. The locations of the sampling points are shown in Figure 3.2. 
These abandoned shipyard soil is coastal in nature. 
3.1.2 Tsam Chuk Wan, Sai Kung 
Two topsoil and costal soil samples were collected from Tsam Chuk Wan on a sunny 
day in September 2003. The sampling points were located at the coastal area, one 
was next an artificial fishpond and the other one was beside a small peer. 
Figure 3.3 and 3.4 show the sites of soil sample collection. 
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Figure 3.1 Environmental settings of the two sampling sites, (a) North Tsing Yi 
shipyard and (b) Tsam Chuk Wan. 
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Figure 3.2 Site map of North Tsing Yi shipyard. The letters were the sampling 
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Figure 3.3 Photographs of the sampling points in Tsing Yi shipyard: (a)site 1，(b) site 
2 and site 3，(c) site 4，（d) site 5, (e) site 6，and (f) site 7，and (g) site 8. 
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Figure 3.4 Photographs of the sampling points in Tsam Chuk Wan: (a) site 1 and (b) 
site 2. 
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3.2 Characterization of soil samples 
The details of the composition and properteis of the soil samples were listed in Table 
3.1-3.4. In general Tsing Yi soils were all deficient in nitrogen and phosphorus 
especially with the available forms. However, pollutants such as heavy metals and 
PAHs and oil and grease, were detected. Some of the pollutants' concentrations 
exceeded the the Dutch ‘C’ soil safety standard (indicated by bold faced in Tables 
3.2) . The low nutrients, high contents of oil and grease filling up the void volume 
among soil particles creating anaerobic environment (reflected by the low nitrate and 
high ammonia conditions) and mixed pollutants are unfavourable for natural 
degradation. On the other hand, the two soil samples from Sai Kung were also not 
rich in nutrients but nearly no pollutants were found. The oil and grease contents of 
Tsing Yi soils were higher than those of Sai Kung. Both soils from two sites were 
coastal soils, and the pH value of these soils were around 7 (neutral)。 Most of the 
soil samples contained a relatively higher fraction of sand than silt and clay. The 
neutral pH and sandy nature reflects the water erosion effect. The two-way 
A N O V A results show that there is no interaction between the 2 sites and the 
sampling points inside them for all soil parameters (For sampling points, P = 
0.000-0.029 < 0.05; for sampling sites, P = 0.999 > 0.05 since the differences in the 
median values among the sites are not great enough to exclude the possibility that the 
difference is due to random sampling variability; so there is no statistically 
significant difference) (data not shown), that is although the samples showed 
significant difference among sampling points, but they are similar in both sites. 
Therefore one-way A N O V A was performed to rank the samples since the difference 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































3.3 Extraction efficiency of Benzo[a]pyrene 
Extraction efficiencies of BaP using dichloromethane as solvent for soil and liquid 
media were tested. Known amount of BaP was added into liquid medium and soil. 
These samples were extracted with the method mentioned in section 2.3, and the 
extracted BaP was quantified with G C - M S D that the extraction efficiencies of BaP in 
liquid and soil were: 96 土 SD % and 100 土 SD % respectively. 
3.4 Screening and selection of microorganisms 
3.4.1 Isolationof potenetial BaP-degrading microorganisms 
Microorganisms were isolated from soil samples from Tsing Yi and Sai Kung 
respectively. The isolation results are summarized as below (Tables 3.5). The 
isolated microorganisms showing tolerance to 50 m g BaP/kg were purified and kept. 
These microorganisms were further tested for their BaP degradation. Figure 3.5 
shows the colony morphologies of the isolated bacteria on BaP-containing media. 
In order to test whether there is a relationship between soil BaP contamination level 
and bacterial counts, linear regression analysis was carried out. The [BaP] in soil 
samples is plotted against BaP-tolerator bacterial count in Figure 3.6. It is observed 
there is no relationship (r^  < 0.5) between them. By comparing the bacteria amount 
of Tsing Yi and Sai Kung using T-test, there was no difference between the tolerator 
abundance found (P.: 0.161, which is > 0.05) in the two areas but there was a 
significant difference between the total amounts of bacteria found (Sig.: 0.00, which 
is < 0.05). In general Sai Kung soils contain more bacteria but the abundance of 



































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3.5 A BaP-containing MM plate spread with Tsing Yi soil. The colonies 
observed were BaP-tolerators. 
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The relationship between soil [BaP] and BaP-tolerator 
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Figure 3.6 Linear regression analysis for the BaP contents in soils samples and 






Figure 3.7 Photographs of some representative isolates which are 
morphologically different. The number beside each photo indicates the given 
name of the isolate. 
84 
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Figure 3.7 (con't) Photographs of some representative isolates which are 
morphologically different. The number beside each photo indicates the given 
name of the isolate. 
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Figure 3.7 (con't) Photographs of some representative isolates which are 
morphologically different. The number beside each photo indicates the given 
name of the isolate. 
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3.4.2 Screening and selection of microbes 
3.4.2.1 Bacteria 
The bacteria observed on agar plate with BaP were distinguished morphologically 
by visual observation. Totally 43 and 8 bacterial individuals were picked from 
Tsing Yi and Sai Kung respectively. The representative isolates of the colony 
morphology types are shown in Figure 3.7. Then the isolates were inoculated into 
media with different [BaP] concentrations in a 96-well microplate. The absorbance 
at 580 n m of the plate was measured every 24 hours. The growth responses of 
these bacteria are summarized in Table 3.6. In the table, the column '[BaP] effect 
on growth' shows the concentration(s) of BaP gave an enhancement of growth of the 
bacterium while comparing with the control ([BaP] 二 0); the column 'Maximum 
tolerated [BaP] means at what tested BaP amount the bacterium still survived, and 
the column ‘ A O.D./day' indicates the average growth rate of the bacterium 
(increase in absorbance per day); the ‘/，sign indicates no positive growth was 
measured, and thus the growth rate was not calculated. The bolded isolates showed 
faster growth (ranking ‘a’ and ‘b，），and they were chosen for further experiments. 
Most of the isolates showed positive growth in M M with 5 - 50 m g BaP /L，and they 
were confirmed to tolerate BaP at the concentration of 50 mg/L. Four bacteria 
were chosen by their high tolerance level, positive response of BaP and relatively 
highAO.D./day for further assessment of their degradation capacities. From the 
tables above, the 4 bacteria selected (highlighted in bold) were all isolated from 
Tsing Yi soil with better growth in BaP-stressed environment. For the degradation 
test in M M medium, the removal of BaP by the bacteria is shown in Figure 3.8, and 
the detailed performance of the best bacterium is shown in Figure 3.9. Isolate 18 
showed the highest removal efficiency among the others. Therefore this isolate 
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Table 3.6 (a) A summary on the screening results of the bacteria from Tsing Yi. 
Those bold individuals were undergone further degradation test. When compared 
within the, A O.D./day，，mean values followed with the same letter are not 
significantly different a tP = 0.05 by Tukey's test. 
Bacterium [BaP] effect onlMaximum toleratedl A O.D./day 
growth [BaP] (mg/L) 
Ta ^ ^ 0 . 5 3士 0.04pqrst 
Tb 50 50 0.94士 0.26de 
Tc ^ ^ 0.89士 0.15de 
2a no difference 50 0.57士 0.04pqrst 
^ 10-50 50 0.96± 0.26de 
^ ^ ^ 1.08士 0.05de 
^ 25/ no difference 5 0 ^ 0.77士 O.llde 
3c 10-50 50 1.32士 0.18cd 
4a ^ 1.02士 0.18de 
4b ^ 50 1.50士 0.36cd 
5 50 1.39士 0.32cd 
^ 5 50 0.83士 0.14de 
^ 50 0.41士 0.08qrst 
7a no difference 50 0.55士 0.02pqrst 
^ negative growth 50 0.79士 0.13de 
^ 50 1.69士 0.22bc 
^ no difference Jo 1.23± 0.24cd 
^ 50 0.36土 0.20rst 
9 no difference ^ 1.58士 0.08bc 
TOa no difference 50 0.97 士 0.02 de 
^ 50 1.15 ±0.03 cd 
T ^ no difference ^ 0.89 ±0.03 de 
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Table 3.6 (a) (con't) A summary on the screening results of the bacteria from Tsing 
Yi. Those bold individuals were undergone further degradation test. When 
compared within the' A O.D./day’，mean values followed with the same letter are not 
significantly different at P = 0.05 by Tukey's test. 
Bacterium [BaP] effect on Maximum tolerated A O.D./day 
growth [BaP] (mg/L) 
11a negative growth 50 / 
T i b 10-50 ^ 1.87±0.16bc 
12 negative growth <5 / 
T I a n o difference 50 1.15 ± 0.13 cd 
T ^ no difference Jo 1.14±0.05 cd 
14 no difference 50 0.68 ± 0.12 ef 
Is no difference 50 1.97 ±0.17 be 
Tsb no difference '50 1.64 ±0.08 be 
"16 no difference 50 1.79 ±0.07 be 
17 10-50 ^ 2.73 士 0.15 a 
18 ^ ^ 2 . 6 3 ± 0.13 a 
T ^ no difference 50 1.45 土 0.15 cd 
T ^ lo 1.89 ±0.19 be 
^ “ no difference ^ 1.23 士 0.05 cd 
^ No difference Jo 0.54 ±0.03 ef 
^ “ T ^ ^ 1.64±0.18bc 
^ ~ ^ 1.75 ±0.17 be 
^ ^ ^ 2.02 ± 0.11 b 
^ “ no difference ^ 0.64 ±0.11 ef 
^ 5-25 2.07 士 0.00 b 
^ no difference Jo 0.77 ±0.15 de 
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Table 3.6 (b): A summary on the screening results of the bacteria from Sai Kung 
Bacterium [BaP] effect on Maximum tolerated A O.D./day 
growth [BaP] (mg/L) 
S ^ no difference ^ 0.32 士 0.05 st 
SK2 negative growth 50 / 
SK3 negative growth 50 / 
SK4 negative growth 50 / 
^ no difference '50 0.46 ± 0.10 ef 
S ^ no difference 'sO 0.27 ± 0.081 
SK7 negative growth 50 / 
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Degradation of BaP by different bacterial isolates 
A 50 「 
0 40 - p n 
£ 30 - , : 
(U � 
1—< ‘ . 广 ' rri < 5 
> 20 - 、“ 
• T 1 T 
^ 10 - r ^ q T 
J ‘ V. :、 
扫 I   
o ‘ ： 、上、’ 
H Q ’ I I ！ J I ；~-J I 
17 18 22a 23a 
Bacterium 
Figure 3.8 Total removal of BaP by the 4 tested bacteria. Conditions: BaP was 
added to 10 m L M M broth to a final concentration of 10 m g BaP/L, and the culture 
was incubated for 5 days on a platform shaker at ambient temperature. 
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Removal of BaP by the best BaP-degradative bacterium 
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Figure 3.9 BaP total removal, degradation and biosorption of the best bacterial 
isolate (18) in the degradation test. Conditions: BaP was added to 10 m L M M 
broth to a final concentration of 10 m g BaP/L, and the culture was incubated for 5 
days on a platform shaker at ambient temperature. 
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was further tested for its survival in the contaminated soil, and its performance was 
compared with the isolated fungi. 
T 
3.4.2.2 Fungi 
For the screening of fungi on 6-well microplate, similar tolerance level up to 200 
mg/kg and similar effect on growth were observed for different fungi from both 
Tsing Yi and Sai Kung. By measuring the radius of the colony, there was no 
significant difference among all isolates at all tested BaP concentrations (Figure 
3.10). Therefore the fungal isolates were further tested to grow on the 
contaminated soil (Figure 3.11). Most of the Tsing Yi isolates were confirmed to 
survive in the soil by naked eye observation. However, no growth of Sai Kung 
isolates on Tsing Yi contaminated soil was detected (data not shown). The 
observed survivors were selected for the degradation test in liquid medium. These 
screened isolates were all from Tsing Yi soils. 
At the beginning, the initial concentration of BaP was set at 10 mg/L, which was the 
same as that used for bacterial isolates. However, the total removal of BaP was 
very high (higher than 90%) for all fungal isolates. Mostly the BaP was absorbed to 
the biomass but not degraded. Therefore, a higher concentration of [BaP] was 
increased to 100 mg/L in the degradation test. Figure 3.12 shows the results of 
degradation test of the survivors. Most of the isolates showed higher than 70% 
total removal of BaP and isolate 6G had the highest degradative removal of BaP. 
Athough isolates 2 and 7 showed higher removal efficiencies of BaP in liquid 
medium than isolate TY2, they grew much more slower in terms of colony 
expansion in the contaminated soil. Figure 3.10 shows the growth situation of 
these fungi on 6-well microplates. Three isolates were screened out by their linear 
growth on agar plate, degradation efficiency in liquid medium and viability on 
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Figure 3.10 Six-well microplates showing the growth of five fungal isolates, which 
performed the best in the degradation test, (a): 6Q (b) 6W, (c) TY2, (d) 2，and (e) 7. 
Each well contains MM agar with different [BaP]s as shown in (f) (from left to right, 
top to bottom: 0，25, 50, 100，200 mg/1 BaP in MM agar, and PDA agar). Different 
BaP] treatments did not affect the mycelial radii of these isolates. However, for 
the linear growth, isolate TY2 showed better mycelial spread than isolates 2 and 7. 
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contaminated soils. They were isolates 6W, 6G and TY2. Figure 3.13 shows the 
BaP removal of these 3 isolates. 
t 
From the screening results, more tolerators were found in contaminated soils. But 
only the contaminated soils contained BaP degraders, and the clean soils did not. 
3.4.3 Growth curve of the microorganisms 
The selected BaP-degrading bacterium was unicellular while the selected 
BaP-degrading fungi were filamentous. The cost of producing an inoculum is 
relevant in applying micro-organisms in bioremediaiton. Thus the growth rates of 
these microorganisms were determined. For bacteria, growth rate was presented as 
the increase in optical density reflecting population growth per unit time while for 
filamentous fungi, the growth rate was in terms of biomass gain per unit time. 
Table 3.7 shows the slopes of the growth curves of the selected isolates. In general, 
fungi showed higher growth rates than that of the bacterium. 
3.4.2.1 Bacterium 
The growth curve of bacterium Methylobacterium sp. is shown in Figure 3.14. A 
typical growth curve of microorganisms in batch culture was found. Lag phase 
occurred at first 5 hours after inoculation. Bacterial cells in exponential growth 
were detected in hour 4 to 16 where the maximum growth rate took place. At hour 
16 and afterwards, the curve began to flatten. There was no significant increase in 
bacterial population after 36 hours statistically and thus this period was described as 




Figure 3.11 A photo of a 24-well microplate with different Tsing Yi contaminated 
soils. Fungal isolates grown on CM agar were inoculated to the soil in wells, and 
each isolate was done with 3 replicates. 
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Total removal of BaP by flmgi from Tsing Yi soil 
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Figure 3.12 Total removal of BaP by the 12 tested fungi. Conditions: BaP was 
added to 40 m L M M broth to a final concentration of 100 m g BaP/L and incubated 
for 5 days on a platform shaker at 180 rpm. Data indicated with the same letter are 
not significantly different at P 二 0.05 by Tukey's test. 
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Removal of BaP by the best 3 fungal isolates 
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Figure 3.13 BaP removal of the best 3 fungal isolates (isolates 2 and 7 were 
excluded due to their slower linear growth) in M M 1 零i d medium after 5 days of 
incubation on a platform shaker. Expenmental conditions: initial [BaP] = lOOmg 
BaP/L, temperature 二 28。C，shaking speed 二 180 rpm. 
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3.4.3.2 Fungi 
Three growth curves of the selected soil fungi are shown in Figure 3.15. They also t 
showed typical growth in batch cultures. Lag phase occurred at first three days 
after inoculation where no obvious growth was observed. Fungal cells in exponential 
growth were detected at day 4 to day 8 where maximum growth rate took place. At 
day 9 and afterwards, there was no significant increase of fungal dry mass 
statistically and thus this period was described as the stationary phase. 
3.5 Comparison of isolated bacterium and fungi 
Although the four microorganisms, comprising of 1 bacterium and 3 fungi, all 
showed survival on Tsing Yi contaminated soils, while comparing the tolerance level 
of BaP, the 3 fungi showed better performance. The bacterium could not reproduce 
viably in contaminated soil artificially spiked with 50 - 100 m g BaP/kg while the 
fungi could do so. Although in liquid medium, the bacterium shown a decline of 
growth at 50 m g BaP/L, but the fungi could still grew very well at even 100 m g 
BaP/L. Besides, the fungi showed higher degradation efficiencies in the 
degradation test. For the degradation products, some phenol derivatives were 
detected in the bacterial samples by GC-MSD; in the fiingal samples, derivatives of 
hydrobenzo[a]pyrene, phenols and carboxylic acids were found (Figures 3.16). For 
preparation of inoculum, fungi were grown at low investment cost using straw 
compost as substrate than using submerged fermentation for bacteria. From the 
results above, the fungi showed a higher potential and applicability for 
bioremediation. 
Finally isolate 6W, which was the best degrader found in the soil samples, was 
optimized for treating the contaminated soils. 
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Growth curve of the selected Methylobacterium sp. 
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Figure 3.14 Growth curve of Methylobacterium sp. The experimental 
conditions: temperature = 30°C, shaking speed = 180 rpm, growth medium 二 LB. 
Data represent the mean of three replicates. Means with same letter are statistically 
identical (One way A N O V A with Tukey test, p < 0.05) 
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Growth curve of the 3 fungal isolates 
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Figure 3.15 Growth curves of the 3 tested fUngi, including 2 Trichoderma spp. 
and 1 Fusarium sp. The experimental conditions: temperature = 28°C, shaking 
speed = 180 rpm, growth medium = CM. Data represent the mean of three 
replicates. Means with same letter are statistically identical (One way ANOVA 
with Tukey test, p < 0.05) 
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Table 3.7 The growth rates of the selected microorganisms. 
Isolate no. Identity Slope 
(weight of biomass/ time) 
18 Bacterium {Methylobacterium sp.) 0.11 
6G Fungus 1 (Trichoderma sp.) 4.46 
6 W Fungus 2 {Trichoderma sp.) 102.16 
TY2 Fungus 3 (Fusarium sp.) 97.51 
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3.6 Identification of selected microorganisms 
Figure 3.17 shows the colony morphologies of the 4 identified microorganisms. 
3.6.1 Identification of the bacterium 
3.6.1.1 16S rDNA sequencing 
The D N A of the isolated bacterium was extracted and its 16S rDNA was amplified 
by PCR. The P C R products were undergone gel electrophoresis. Figure 3.18 
shows a gel photo of PCR product. A single band with size of 300 bp was 
observed. 
The rDNA sequences were obtained by cycle sequencing and read by automated 
D N A sequencer and then aligned with published sequences in Genbank. The 
bacterium was identified as Methylobacterium sp. and the BLAST result is 
summarized in Table 3.8. 
3.6.1.2 Midi Sherlock® Microbial Identification System (MIDI) 
The fatty acid profile of the isolated bacterium was determined,and the 
chromatogram is shown in Figure 3.19. The putative identity of the bacterium is 
presented in Table 3.9. The similarity index was over 0.84. 
丁 
3.6.1.3 Biolog MicroLog system (Biolog) 
The result of Biolog is shown in Table 3.10. The best-matched species was not as 
the same as the results of D N A sequencing and MIDI. However, the similarity 
index in this test was medium (0.599). This API result suggests the bacterium as 
Burkholderia cocovenenans. By observing the morphology of the bacterium, 
especially for its obvious pink colour, it belongs to Methylobacterium sp. rather 
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Figure 3.16 Chemical structures of some of the potential intermediates of BaP 




Figure 3.17 Plate photographs of the 4 identified microorganisms: (a) 
Methylobacterium sp., (b) Trichoderma asperellum, (c) Trichoderma harzianum, and 
(d) Fusarium solani. 
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Figure 3.18 A gel photo of specific PGR using 16S rDNA primers. The PCR 
product has a size of 300 bp. 
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3.6.2 Identification of fungi 
3.6.2.1 Internal Transcribed Spacer (ITS) DNA sequencing 
The D N A sequencing steps were completed as that of bacterium. Figure 3.21 
shows a gel photo of PCR products using ITS primers. A single band with size of 
about 600 bp was observed for each sample. The fungi were identified as 
Trichoderma spp. and Fusarium sp. and the blast result is summarized in Table 3.11. 
3.6.2.2 Observation under electronic microscope 
Figure 3.22 shows the conidiogeneses of the 3 fungi. The appearance of the fungi 
was compared with those of published information of the two genera of species. 
The soil fungi were confirmed as Trichoderma and Fusarium spp. 
3.7 Optimization of BaP degradation by the selected fungus: 
Trichoderma asperellum 
The fungal inoculum for degradation test was standardized and measured by chitin 
content. The chitin contents (by weight of sample) of fungal-colonized straw 
compost were 12.93 士 2.00 %. 
3.7.1 Effect of incubation time 
Figure 3.23 shows the effect of incubation time on BaP degradation by fungus 
Trichoderma asperellum. Removal efficiency (RE) was increased with increasing 
incubation time until it reached about 50% after 5 days. Half of the BaP amount 
was reduced in the first 5 days incubation, and there was nearly no further removal 
in the residual 8 days. Thus five-day incubation was selected as the optimal 
incubation time for further experiments. 
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Table 3.8 A summary on the D N A sequencing result of the selected bacterium. 
Species Score (bit) E value GenBank no. 






Table 3.9 A summary on the MIDI result of the selected bacterium. 
Species Similarity Index 
Methylobacterium 0.890 
M. organophilum 0.890 
M. fujisawaense 0.877 
M. zatmanii 0.847 
Table 3.10 The Biolog result on identification of the selected bacterium. 
Species Sim Index 
Burkholderia cocovenenans 0.599 
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Figure 3.19 The GC-FID chromatogram of the result of MIDI for bacterial 
identification. The peaks appear at 10.053, 13.193 and 13.504 min corresponding 
to fatty acids 16:0，18:1 w7c and 18:0. 
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Figure 3.20 The result of ABI system (Biolog) for bacterial identification showing 
the absorbance (indicating the colour change) of the 96 wells. 
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Figure 3.21 The gel photos of specific PCR using ITS primers. The expected size 
of the P C R product was about 600 bp. 
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Table 3.11 A summary on the D N A sequencing results of the selected fungi. 
Species Score (bit) E value GenBank no. 
Fungus 1 
Trichoderma~S15 ^ gi|32394934|gb|AY154948.1| 
harzianum 
Trichoderma^ ^ gi|27448770|gb|AF443925.11 
harzianum 
T r i c h o d e r m a ^ gi|27448759|gb|AF443914.1| 
harzianum 
Fungus 2 
Trichoderma^1046 ^ gi|5327276,emb|AJ230669.1|TVI230669 
asperellum 
Trichoderma^T^ ^ gi|5327281 ;emb|AJ230680.1 |TVI230680 
asperellum 
Trichoderma1040 ^ gi|12006337|gb|AF278789.1|AF278789 
asperellum 
Fungus 3 
Fusarium solani 1008 ^ gi|32264972|gb|AY310442.11 
Fusarium solani 983 ^ gi|21666882|gb|AF455451.11 
Fusarium s p . ^ W l gi| 10180243|gb|AFl78402.1 |AF178402 
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3.7.2 Effect of inoculum size 
The effect of different inoculum sizes on removal of BaP is presented in Figure 3.24. 
t 
The R E was increased when the fungal compost added was increased from 0.25 to 
0.5 g. The highest RE was obtained with the inoculum size of 0.5 g of straw 
compost, which is about 50%. Further increase of inoculum size decreased RE 
inversely. Only about 30% of RE were detected when 1 to 2 g of compost were 
inoculated. When the inoculum size of 5 g flingal compost was used, only 12% of 
RE, which is the same as that of 0.25 g of inoculum, was measured. 
3.7.3 Effect of initial BaP concentration 
Removals of different BaP concentrations are presented in Figure 3.25. RE was 
decreased with increasing initial BaP concentrations. There was no significant 
difference between 10-50 mg/kg BaP; the REs were about 50-60。/)。 However the 
RE was decreased when [BaP] increased further. There were only about 20 - 30% 
BaP were degraded. Besides, there was also no significant difference between 100 
and 200 mg/kg BaP. It was shown that there was only slight effect of low BaP 
concentrations (up to 50 mg/kg) on fungal degradation, while higher BaP 
concentrations inhibited fungal degradation greatly as only 20 - 0% RE detected. 
From the degradation, 10 mg/kg BaP was chosen as the tested concentration of the 
following tests. 
3.7.4 Effect of soil pH 
Figure 3.26 shows the removals of BaP with different pH values of soil. The RE 
was increased from pH 4 to 7, and then was decreased when the pH value of the soils 
increased further. There was no degradation of BaP at pH 4. In this acidic 
condition, no fungal growth was observed. The degradation was most favoured in 
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Figure 3.22 Conidiogenesis of the three fungal isolates under light microscopy, (a) 
Trichoderma asperellum, (b) Trichoderma harzianum and (c) Fusarium solani, 
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Effect of Incubation time 
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Figure 3.23 The effect of incubation time on BaP removal efficiencies (REs) of 
biodegradation by T. asperellum. The experimental conditions: concentration of 
BaP =10 mg/kg, initial pH = 7, straw compost concentration = 0.5g/10g soil (0.13g 
chitin/g compost), temperature: 28°C. Data represent the mean and standard 
deviations of five replicates. Means with same letter are statistically identical (One 
way A N O V A with Tukey test, p < 0.05). 
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Figure 3.24 The effect of inoculum size of fungal compost on BaP removal 
efficiencies (REs) of biodegradation by T. asperellum. The experimental conditions: 
concentration of BaP =10 mg/kg, initial pH = 7，temperature: 28°C，incubation time: 
5 days. Data represent the mean and standard deviations of five replicates. Means 
with same letter are statistically identical (One way A N O V A with Tukey test, p < 
0.05). 
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neutral environment, which is also the optimal pH for living for most organisms. 
f 
3.7.5 Effect of temperature 
Figure 3.27 shows the effect of temperature on removal of BaP by the fungus. 
There was nearly no degradation detected at 10°C, and the fungus could not survive 
at 40 and 45 The RE was increased from 10 to 30 about half of the BaP was 
removed at 30 which is the optimised temperature for degradation. The RE was 
decreased when the temperature increased to 35 °C. Therefore the optimal 
temperature of the fungus for BaP degradation is 30 
3.8 Determination of breakdown products of BaP by 
BaP-degrading microorganisms 
The G C - M S D chromatograms of breakdown products of BaP by the 
Methylobacterium sp., Trichoderma asperellum, Trichoderma harzianum and 
Fusarium solani are shown in Figures 3.28 to 3.31, and the potential breakdown 
compounds are presented in Tables 3.12 to 3.15. They included phenol derivatives, 
benzenedicarboxylic acid, decanes and hydrobenzo[a]pyrenes, etc. 
3.9 Enzyme assay 
Generally fungi degrade PAHs by either cytochrome P-450 system or ligninolytic 
enzymes. In order to find out the degradation pathway of the microorganisms, the 
enzyme activities of some representative ligninolytic enzymes were measured. If a 
high activity is observed, it can be deduced that the enzymes are induced and they 
are involved in the biodegradation process. Therefore the enzyme activities of 
laccase, MnP and LiP of the selected soil fungus were investigated. Only a very 
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Effect of Initial Concentration 
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Figure 3.25 The effect of initial [BaP] on BaP removal efficiencies (REs) of 
biodegradation by T. asperellum. The experimental conditions: initial pH 二 7, straw 
compost concentration 二 0.5 g/10 g soil (0.13 g chitin/g compost), temperature: 28°C, 
incubation time 二 5 days. Data represent the mean and standard deviations of five 
replicates. Means with same letter are statistically identical (One way A N O V A with 
Tukey test, p < 0.05). 
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Effect of soil pH 
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Figure 3.26 The effect of soil pH on BaP removal efficiencies (REs) of 
biodegradation by T. asperellum. The experimental conditions: concentration of 
BaP =10 mg/kg, initial pH = 7，straw compost concentration 二 0.5 g/10 g soil (0.13 g 
chitin/g compost), temperature: 28°C. Data represent the mean and standard 
deviations of five replicates. Means with same letter are statistically identical (One 
way A N O V A with Tukey test, p < 0.05). 
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Figure 3.27 The effect of incubation temperature on BaP removal efficiencies (REs) 
of biodegradation by T. asperellum. The experimental conditions: concentration of 
BaP =10 mg/kg, initial pH = 7，straw compost concentration = 0.5 g/10 g soil (0.13 g 
chitin/g compost), incubation time: 5 days. Data represent the mean and standard 
deviations of five replicates. Means with same letter are statistically identical (One 
way A N O V A with Tukey test, p < 0.05). 
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low activity of laccase (0.015 mol/min) was detected from broth culture. There was 
no activity of M n P or LiP measured. 
3.10 Evaluation of toxicity by using indigenous bacteria 
There were 3 identified isolates used in the test and the spread plate results are 
summarized in Table 3.16. The three species were all isolated from Tsing Yi soils, 
where species 1 was Methylobacterium sp., species 2 was Bacillus cereus and species 
3 was Pseudomonas aeruginosa (identified by using 16S rDNA sequencing and 
MIDI，data not shown). Both treatment and control showed significant difference 
after 3-day incubation (experimental conditions: temperature: 28°C; shaking speed: 
150 rpm). According to the % increase of colony forming unit, species 2 and 
species 3 showed a better growth in treated soil. However there was no significant 
difference between treatment and control for species 1. 
In order to explain the result of the toxicity test, the treated soils were analyzed and 
the properties were compared with those of untreated soils (Table 3.17). 
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Figure 3.28 The gas chromatogram showing the potential breakdown products of 
BaP by Methylobacterium sp. Experimental conditions: concentration of BaP = 
10 mg/L, incubation time = 5 days, shaking speed = 180 rpm. 
Table 3.12 Potential BaP breakdown intermediates by Methylobacterium sp.. 
Compounds Retention time (min) Similarity index 
(1) Benzeneethanol 6.72 87 
(2) n-Heptanoic acid 12.77 80 
(3) 2，4-bis(l, 1 -dimethylethyl)-phenol 14.27 95 
(4) alpha-D-flucofuranose 14.51 90 
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Figure 3.29 The gas chromatogram showing the potential breakdown products of 
BaP by T. asperellum. Experimental conditions: concentration of BaP = 100 mg/L, 
incubation time 二 5 days, shaking speed =180 rpm. 
Table 3.13 Potential BaP breakdown intermediates by Trichoderma asperellum. 
Compounds Retention time (min) Sim index 
(1) 3,5-bis( 1,1 -dimethylethyl)-phenol 13.84 91 
(2) Benzeneacetic acid 17.22 45 
(3) Octadecane 25.74 97 
(4) 1,2-Benzenedicarboxylic acid 27.41 64 
(5) 7,8,9,10-Tetrahydrobenzo[a]pyrene 28.98 91 
(6) 4,5,7,8,9,10-Hexahydrobenzo[a]pyrene 30.16 42 
(7) BaP (Parental compound) 30.39 95 
W 
1，2,3,3 a,4,5,7,8,9,10,11,12,12a-Tetradecah 31.45 78 
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Figure 3.30 The gas chromatogram showing the potential breakdown products of 
BaP by T. harzianum. Experimental conditions: concentration of BaP =100 mg/L, 
incubation time = 5 days, shaking speed = 180 rpm. 
Table 3.14 Potential BaP breakdown intermediates by Trichoderma. Harzianum. 
Compounds Retention time (min) Sim index 
(1) 2，4-bis(trimethylethyl)-benzaldehyde 7.90 72 
(2) 2,6-bis( 1,1 -dimethylethyl)-phenol 13.84 91 
(3) Heptadecane 17.50 87 
(4) Pentadecane 19.12 90 
(5) Ethyl ester linoleic acid ethyl ester 22.23 86 
(6) 1,2-Benzenedicarboxylic acid 26.16 64 
(7) 4,5-Dihydro-Benzo[a]pyrene 26.60 81 
(8) 4,5,7,8,9,10-Hexahydrobenzo[a]pyrene 29.68 50 
(9) BaP (Parental compound) 30.39 95 
W) 
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Figure 3.31 The gas chromatogram showing the potential breakdown products of 
BaP by Fusarium solani. Experimental conditions: concentration of BaP =100 
mg/L, incubation time = 5 days, shaking speed = 180 rpm. 
Table 3.15 Potential BaP breakdown intermediates by Fusarium solani. 
Compounds Retention time (minute) Sim index 
(1) 2,6-bis( 1,1 -dimethylethyl)-phenol 13.84 94 
(2) 2,3,5,6-tetramethyl-p-Benzoquinone 14.98 81 
(3) Benzoic acid 17.22 60 
(4) 1,2-Benzenedicarboxylic acid 18.76 72 
(5) 2,6,10-trimethyl-Dodecane 21.12 83 
(6) Nonadecane 23.71 92 
(7) 1,2-Benzenediol 24.67 75 
(8) 1,2'-Binaphthalene 27.53 50 
(9) 4,5-Dihydro-Benzp[a]pyrene 29.61 83 
(10) BaP (Parental compound) 30.39 94 
(11) 4-( 1,1 -dimethylethyl)-Acetic acid 32.34 41 
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Table 3.16 A summary on the result of toxicity test. 
Treatment Control 
Day 0 Day 3 % increase Day 0 Day 3 1% increase 
Species 1 43 ± 2.0 120 ± 8.0 278 ± 29 45 ±1.0 120 ± 14 274 ±35 
(X 105 cfu/g) 
Species 2 77 ±3.0 160 ± 8.0 205 ± 7.3*110±2.0 130±4.0 118±L3* 
(X 103 cfu/g) 
Species 3 35 ± 3.0 430 ±20 1200 ± 65** 39 ±3.0 310 ± 30 802 ± 2.8** 
(x 105 cfu/g) 
Data indicated with * and ** show significant difference at 5% levels after Student T 
test. 
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Table 3.17 A comparison of soil properties before and after treatment with the 
Trichoderma-colonizQd straw compost Comparison of soil properties before and after 
conditioned with straw compost. 
Parameter Before fungal compost Afterfungalcompost 
added added 
P^* 7.9 士 0.020 7.7 土 0.080 
Salinity (%) 3 ^  
Conductivity (ms) 一 q 39 士 • 20 0.67 ± 0.04 
Soil texture: sand (%) 84 ± 1.2 80 ± 4. 7 
Soil texture: silt (%) 9.8 ± 0.0 15 土 4.9 
Soil texture: clay (%) 5.9 ± 1.2 5.5 土 0.4 
Soil texture group (USDA) 一 loamy sand — loamy sand 
l a C (0/0) 14 土 1.4 15 士 1.2 
Oil and grease (g/kg) 51 ± o.90 52 ± 0.74 
Total N (mg/kg)* 80 士 4.1 120 土 1.2 
Total P (mg/kg) 42 士 4.4 43 士 0.64 
Available NO3 (mg/kg)* 0.050 ±0.020 0.24 ±0.010 
Available NH3 (mg/kg) 2.2 ± 0.95 2.4 ±0.050 
Available Phosphorus (mg/kg) 1.0 士 0.0 2.4 ± 0.0 
Parameters indicated with * significant difference at 5% levels after Student T test. 
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4. Discussion 
4.1 Physico-chemical properties of soil samples 
The distribution of organic matter, humic substances, xenobiotics and 
microorganisms is affected by soil structure (Jocteur et al” 1991; Christensen, 1992; 
Kukkonen & Landmum, 1996). Therefore a basic study of the properties of the 
sampled soils is important. A complete site characterization involves the 
description of soil classification and morphology; soil physical, chemical, and 
biological properties in the vadose and saturated zones; and a geologic interpretation 
of subsurface sediment and rock structure, layering, depth, and fractures; and an 
estimation of changes in hydraulic conductivity with depth, the seasonal variations in 
precipitation, runoff, infiltration, drainage, depth to water table, and flow patterns in 
the water table. This information is particularly useful for further modeling to 
guide the selection of a site-specific bioremediation strategy, and evaluate the 
possibility for successful cleanup of the site using that particular strategy (Prince and 
Drake, 1998). In this study, only some representative parameters were selected to 
investigate. 
It is common for contaminated soils to contain multiple contaminants of uneven 
distribution (Bennett et al, 2001), and so this is not surprising to find that the soils in 
Tsing Yi are highly heterogeneous, no matter in heavy metals contents, organic 
composition, microbial population, etc. The values of different parameters show a 
wide range among different sampling points. The pH values of all soil samples 
were around 7 - 8, which is the best value for plant and other organisms to survive 
and grow. However, they contain just low contents of nitrogen and phosphorus, 
which are macronutrients for plants. The C: N ratios of soils in Tsing Yi are 
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extremely unbalanced since nitrogen is insufficient. The high concentrations of 
heavy metal ions explain the high conductivity of the soils. At the same time these 
metals are also toxic to lives in the soil. Some of them even exceed the Dutch ‘C, 
safety standards. Thus soil remediation is necessary. Such high and mixed 
pollutants in the abandoned shipyard soil might be a reflection of its history. For 
example, although leaded gasoline and lead-based paint are no longer in use, 
persistence of lead in the environment may have contributed to the bulk of the 
current elevated levels of total metals in soil and sediment (Wang et al., 2004). 
Table 4.1 shows the optimum level of soil properties for living plants. By 
comparing these values to the results shown in chapter 3, it is found that except pH, 
all other parameters indicate the poor health and high ecotoxicities of Tsing Yi soils. 
The soil environment in Tsing Yi is unfavorable for organisms to either survive or 
grow because the nutrients are not enough and too many toxicants existed. The 
survivors might simply tolerate the harsh habitat. This may be the reason that not 
many plants found in the sites before excavation. Microorganisms although existed 
in the soils, they were inactive to degrade the organics there. Thus the natural 
biodegradation process is very slow. Previous researches indicate that the 
stimulation of microbial activity in the rhizosphere of plants can also stimulate 
biodegradation of various toxic organic compounds (Danne et al., 2001). However, 
plants are not commonly grown on the soil, and microorganisms also cannot rely on 
nutrient supply from rhizosphere. Furthermore, the deep soils there are also heavily 
polluted. Anaerobic degradation is much more slow a process. So the activity of the 
whole microbial degradation system is so low that an artificial method, biopiling, is 
applied to speed up the indigenous biodegradation. 
According to previous studies, PAH-degrading bacteria are most numerous in the 
aggregate size fractions corresponding to fine silt and clay compared to larger 
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Table 4.1 The desirable soil properties for plant growth (Landon, 1991). 
Parameters Optimum Level 
pH ^ 
Electrical Conductivity (mS/cm) 0-2 (Negligible) 
C :N ratio 10-12 
Total Nitrogen (%) >0.2 
NH4-N (mgkg-i) ^ 
NO3-N (mgkg-i) 50 
Total P (mg kg-i) ~ 
Available P (mg kg"^ ) ~ 
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fractions of unfractionated soil (Weissenfels et a l , 1992; Amellal et al., 2001). The 
autochthonous PAH-degrading bacteria were embedded in the aggregates where 
PAHs were abundant. However, there is no general trend of the PAH-degrading 
bacteria found in Tsing Yi. The soils containing higher fraction of clay may not be 
correlated with more PAH-tolerators found. This may be due to the variation of 
other soil parameters, such as the problems of nutrients and toxicants. 
The samples from Sai Kung were clean. There was no organic pollutant detected 
by GC-MSD. Also the concentrations of heavy metals were within the safety 
standards. Therefore no mitigation measure is required for the soils. However, 
these soils are also deficient in nutrients and not suitable for plantation. Since the 
soils are usually washed by seawater, the mineral nutrients may also be washed out. 
By comparing the properties of soils from Tsing Yi and Sai Kung, most of the 
parameters of Sai Kung fall into the range of those of Tsing Yi. Therefore it is 
acceptable to use the Sai Kung soils as the clean coastal soil control to contrast the 
results from the contaminated Tsing Yi soils. 
4.2 Determination of BaP and other organic compounds 
There are lots of methods used to quantify PAHs and other organic compounds, 
including gas chromatography-flame ionization detector (GC-FID), high 
performance liquid chromatography (HPLC) and GC-MSD, which was used in this 
study，in resolving and quantifying a mixture of different organic compounds 
(Boonchan et al., 2000; Zeng et al., 2000; Kleibohmer, 2001; Tarn et al., 2001). 
Besides, for pure compounds, UV-visible spectrophohometry can also be selected for 
quantification. Although GC-FID and HPLC show a higher sensitivity for 
quantification, GC-MSD was chosen since it can qualify and quantify the 
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compositions of samples at the same time. Also, the mass spectra of the resolved 
peaks of a sample were matched with the built-in library in this instrument to get the 
putative identification. High linearity 0.998 - 0.9999) was found between the 
concentrations of BaP (also for most of the PAHs measured) and its corresponding 
peak areas obtained from G C - M S D measurement. 
4.3 Identification of the microorganisms 
4.3.1 Bacteria 
For the best-BaP degrading bacterium, 16S rDNA sequencing, MIDI and Biolog 
Microlog system were used since data obtained from the investigation of different 
features are needed to obtain a reliable result (Busse et al., 1996; Oka et al., 2000). 
These three methods have their own pros and cons respectively. 
Among the three identification methods, 16S rDNA sequencing is a promising 
technique to identify bacteria, although it is the most expensive but takes moderate 
amount of time for experimentation. It is generally agreed that 16S rDNA gene 
sequence is an unusually stable genotypic feature. Using D N A sequencing as 
identification method has the advantages that chromosomal D N A compositions of 
microorganisms is unaffected by growth conditions. Therefore the classifications 
are more stable as they are not subject to frequent or radical changes, reliable 
identification techniques can be employed once genomic classification is recorded. 
Also, information can be gained on how the various microbial groups have evolved. 
On the other hand, cellular fatty acid composition can be changed by either 
physiological or environmental conditions. For Biolog system, it reflects the 
metabolic capabilities of only a subset of the whole community since the method is 
selective for organisms actively metabolizing under the given conditions on the 
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microtiter plates but these conditions usually deviate largely from those in the 
environment. In most cases Biolog did not give as clear groupings as PLFA 
(phospholipid fatty acid) and it is dependent on the growth phase, temperature and 
growth medium. This is one of the disadvantages using this method (Bossio and 
Scow 1995; Busse et aL, 1996; Palojarvi et al., 1997). 
The bacterium was identified as Methylobacterium sp. by both D N A sequencing and 
MIDI and Burkholderia sp. by Biolog system. Since the morphologies of the 
selected bacterium is much more similar to the genus Methylobacterium, the 
identification result by Biolog system is not considered. Although the two of the 
three methods indicated the bacterium as Methylobacterium sp., the detailed species 
results were different. Therefore the bacterium cannot be confirmed to species level 
by different methods. 
Methylobacterium is a genus of gram-positive, pink-pigmented, facultative 
methylotrophs. They are classified as ce-proteobacteria and are capable of growth 
on methol and methylamine. The soluble methanol monooxygenase catalyzes a 
variety of petroleum hydrocarbons: alkane compounds (Q to Cg), and cyclic and 
aromatic compounds (e.g. phenanthrene). Even some halogenated species were 
reported as their carbon sources (Patel et al., 1982; Hsieh, 2002; Bodour et aL, 2003). 
Although the genus Methylobacterium has been studied, the present study is the first 
to report that a Methylobacterium is capable of degrading BaP. The cellular fatty 
acid composition of Methylobacterium includes a large amount of n-C18: 1 acid. 
These bacteria are relatively slow growers and require prolonged incubation time to 
form detectable colonies on conventional media such as nutrient agar. They are 
commonly found in soils, as well as on the surfaces of leaves of a wide variety of 
plants. In general they are nonpathogenic, even in some cases they stimulate seed 
germination and plant development (Brown et al, 1992; Urakami et al., 1993; Nishio 
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et al., 1997; Lidstrom and Chistoserdova, 2002). 
4.3.2 Fungi ‘ 
The selected fungi were identified by ITS D N A sequencing; the results were the 
same of the top 3 matches for each species. The advantages of using D N A 
sequencing as identification are discussed above. The three isolates' identities were 
primarily confirmed as Trichoderma asperellum, Trichoderma harzianum and 
Fusarium solani (teleomorph: Nectria haematococca). Then the asexual 
reproductive structures of each fungus were further checked under light microscopy. 
Both Trichoderma and Fusarium have been reported to degrade BaP (Cemiglia, 1997; 
Juhasz and Naidu, 2000). 
Trichoderma spp. are extremely common in agricultural, prairie, forest, salt marsh 
and desert soils in all climates. They are remarkable soil fungi with the capability 
of utilizing diverse substrates, rapid growth, and resistance to noxious chemicals. 
Trichoderma harzianum is developed as a biocontrol agent against some soil-bome 
crop pathogens such as Gaeumannomyces graminis Arx & D. L. Oliver and Pythium 
spp. However, some Trichoderma species are also endoparasites of useful 
mushrooms and other fungi. Generally they are not pathogenic to human and 
animals. Overall with their general role as decomposers in the soil they are 
beneficial to the total ecosystem and presumably aid in promoting soil fertility 
(Kubicek and Harman, 1998). 
Trichoderma spp. were one of the most common genera of fungi isolated in 
contaminated soil and were found to degrade more than one PAH in previous 
laboratory studies (Atagana et al., 2002; Rivera-Cruz et al., 2002b). Verdin et al 
(2004) reported that Trichoderma viride isolated from polluted soils degraded BaP up 
to 40% without any detectable laccase activity. 
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The hyphomycete genus Fusarium is characterized by usually fast growing, pale or 
bright-coloured colonies with a felty aerial mycelium and diffuse or sporodochial 
spomlation. Sometimes it becomes pale brown at the centre on a culture dish or 
bluish pigment in rings. There are at least 18 formae speciales in R solani. Most 
species oi Fusarium are soil fungi with cosmopolitan distributions and are active in 
decomposing cellulosic plant substrates. Although some species are plant parasites, 
causing storage rots and producing toxins, their pathogenicity to human is rare 
(Domsch et a l , 1980; Zemankova and Lebeda, 2001; Watanabe, 2002). It is known 
that Fusarium sp. is one of the pests for Trichoderma sp. to control in crop growing 
fields. Fusarium solani is a kind of plant pathogen. 
In previous studies, Fusarium was reported to degrade petroleum hydrocarbons and 
the degradation efficiency was 6.6 - 7.3% in soil containing 26.26 mg/g of total 
petroleum hydrocarbon (TPH) for 41 days (Lemos et al, 2002). Fusarium solani 
and F. oxysporum were reported to show 17 and 8% of BaP degradation respectively 
(Verdin et al., 2004). F. solani was even reported to be able to mineralize BaP in a 
biphasic pattern under in vitro conditions (0.2% over a period of 10 days). Spores 
of solani were able to germinate and grow mycelium (Rafin et al” 2000; Veignie et 
al., 2002). 
4.4 Biodegradation by BaP-degrading microorganisms 
4.4.1 Isolation and screening of BaP-degrading microorganisms 
There is a large diversity of microorganisms capable of degrading PAHs in different 
environments. Previous studies on PAHs reported that soils and sediments consist 
of a large and heterogeneous population of microorganisms that are able to degrade 
various organic pollutants including PAHs (Cemiglia, 1992; Kastner et a l , 1994; 
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Juhasz and Naidu, 2000; Ahn, et a l , 1999; Cemiglia, 2000; Samanta et al., 2002). 
In this study, bacteria and fungi were first isolated from soil samples on 
BaP-containing medium to screen out BaP-tolerators, and the microorganisms 
showed better performance in degradation test were identified. It is shown that both 
soils from Tsing Yi and Sai Kung contained BaP-tolerators. Therefore the 
hypothesis of contaminated and clean soils containing potential PAHs degraders 
cannot be rejected. However, the tolerators isolated from Sai Kung soils could not 
survive in the contaminated soils. Therefore their degradability of BaP was not 
considered further because they cannot be applied to treat real contaminated sample 
even though they may degrade one of the pollutants specifically. The reasons for 
the absence in growth of species from Sai Kung may be the high concentrations of 
heavy metals and the presence of other toxicants in the samples since Tsing Yi was a 
mixed contaminated area and the microbes isolated from clean environment cannot 
adapt to such a poor soil in a short time. Since tolerance does not necessarily mean 
that the microorganism grows healthily, the microorganism may exhibit poor growth. 
The microorganmism isolated from Sai Kung soil may be able to degrade BaP but 
cannot tolerate other contaminants; or they only tolerate but not degrade BaP. 
T-test was used to compare the bacterial count of soils from Tsing Yi and Sai Kung, 
and there is no significant difference in the BaP-tolerator counts between the two 
batches of soils. The relationship between the soil microbial populations and soil 
contamination level was assessed by linear regression analysis. Rivera-Cruz et al. 
(2002a) reported that oil decreased drastically bacterial populations in soil with 
chronic contamination. However, in this study no relationship was found between 
the oil and grease content and BaP-tolerators counts (r^  = 0.0912). Furthermore, the 
concentration of BaP in soil and the amount of tolerators found also do not have a 
linear relationship. From these results, it is proved that no matter the soils contain a 
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particular species of compound or not, tolerators can be discovered. Also, there is 
no specific patterns can be applied in different soil types for the bacterial populations 
found. This means that it is not a must to find more BaP tolerators in a 
BaP-contaminated environment, other environmental factors should also be 
considered. 
4.4.2 Biodegradation of BaP 
4.4.2.1 Bacteria 
To date, no bacteria have been isolated with the ability to utilize BaP as a growth 
substrate but liquid culture experiments have shown that bacteria can cometabolize 
BaP when grown on an alternative carbon source. The reason why BaP alone 
cannot support the growth of a bacterium is not clear, but it may be related to 
regulation of PAH-catabolic enzyme activity by BaP or its degradation products at 
the level of the enzymes or their synthesis. The alternative carbon source, or its 
degradation products may compensate for this lack of enzyme activity via induction 
of BaP catabolic enzymes or because the carbon source and BaP share a common 
lower catabolic pathway which is regulated by the carbon source. 
Nocardioform bacteria (e.g. Rhodococcus，Nocardia, Mycobacterium and Gordona) 
are said to be critical in the degradation of H M W PAHs in soils (Kastner et al., 1994). 
Soil bacteria such as Pseudomonas spp. and Mycobacterium spp. are commonly 
isolated from different soils and showed degradative ability against BaP (Prince and 
Drake, 1998; Juhasz and Naidu, 2000; Wattiau, 2002; Moody et aL, 2004). In the 
experimental condition of an initial concentration of BaP at lOmg/L, Sphingomonas 
paucimobilis was reported to remove 31.5% of BaP in 48 hours using N A and 
glucose as carbon source (Ye et aL, 1996). Besides, Mycobacterium sp. strain 
RGJII-135 removed 40% of BaP (initial [BAP]: 0.4 mg/L, incubation time: 32 days, 
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substrate: yeast extract, peptone and starch) (Schneider et al., 1996). Burkholderia 
cepacia removed 20 - 30% of BaP (initial [BAP]: 50 mg/L, incubation time: 63 days, 
substrate: pyrene). Moreover, Pseudomonas, Bacillus, and others have also been 
reported to degrade BaP with other carbon substrates. Some of them even use other 
aromatic compounds as energy source and these compounds were suggested to be the 
initiator of production of the non-specific enzymes for BaP degradation. 
Even though mineralization of BaP by co-metabolism was reported in previous 
studies (Aitken et al., 1998; Chen and Aitken, 1999), the bacterium isolated in this 
study did not show complete degradation of BaP since some putative intermediates 
were detected. Furthermore, no bacterial isolate found in Tsing Yi or Sai Kung was 
able to use BaP as the sole carbon source; i.e. no growth was observed when putting 
the microorganisms individually into salt medium with BaP as the sole carbon source. 
This phenomenon was consistent with previous studies. The best bacterium found 
in the samples removed about 40% of 10 m g BaP/L in liquid medium in 5 days. 
However, this bacterium was screened out after comparing its performance to the 
fungi. There was no further investigation for this species. On the other hand, 
other bacterial isolates may also degrade BaP if the alternative carbon source is 
changed or grouping them in a bacterial consortium. 
4.4.2.2 Fungi 
Degradation of persistent organic pollutants, including PAHs, by soil fungi has been 
reported. There are two major oxidation pathways for PAHs in fungi: cytochrome 
P-450 monooxygenase oxidation and extracellular ligninolytic oxidoreductase 
reaction (Clemente et al., 2001; Singleton，2001). Besides Trichoderma and 
Fusarium, other genera of soil fungi were also isolated to degrade different PAHs in 
soil, such as Penicillium and Syncephalastrum (Launen et al, 1995; Cemiglia, 1997; 
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Prince and Drake, 1998; Juhasz and Naidu, 2000; Clemente et al., 2001). 
Braun-Lullemann et al. (1999) found several strains isolated were able to degrade 
approximately 50% of BaP and pyrene in culture medium in over a four-week 
incubation period. Zheng and Obbard (2003) also reported that a Penicillium sp. 
isolated from oil contaminated refinery soil degrade approximately 20% of 30 m g 
BaP/L in 28 days. 
In this study, the fungi from Tsing Yi soils were tested in the liquid medium with 100 
m g BaP/L. A concentration of 10 m g BaP/L was also tested, and almost all of the 
BaP was removed from the medium. It is found that BaP was only adsorbed on the 
fungal biomass collected but nearly no degradation was detected. It may be 
because the concentration of 10 mg BaP/L is not significantly stressful for these 
fungi. According to the screening test using 6-well microplate, their tolerance level 
of BaP was > 200 mg/L. If the amount of BaP is not high enough to affect their 
survival or growth, the added BaP simply sorbed and no degradation was observed. 
In the degradation test using 100 BaP/L，most of the tested fungi could obtain 70% 
removal of BaR The best isolate even showed 97.38% of removal efficiency. 
This fungus was selected for optimization in soil to mimic the real case. Due to the 
lack of nutrients and the presence of toxicants, the growth of the fungus in soil was 
slower than in liquid medium. Although the RE of BaP in soil was lower (optimum 
condition: -70%), it is found that the fungus could degrade other organic pollutants 
existed in the soils. Table 4.2 shows the REs of identified pollutants by the fungus 
in the conditions that soil pH, temperature, inoculum size and incubation time were 
optimized for degradative removal of BaP. 
It was found that after the treatment by adding fungal compost of T. asperellum in the 
contaminated soil, the residual BaP concentration was still higher than the action 
level. Therefore further treatment is required to fit the safety standard. 
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4.4.3 BaP degradation pathway 
4.4.3.1 Bacteria 
To date, little is known about the bacterial oxidation of BaP and the details of the 
metabolic steps are still under investigation. Generally, bacteria can usually 
incorporate both atoms of oxygen molecule into the aromatic ring via a 
multicomponent dioxygenase reaction in the initial step of aerobic metabolism of 
PAHs. The dihydrodiols formed are rearomatized through a diol dehydrogenase to 
yield dihydroxylated intermediates. These dihydroxylated substrates can be cleaved 
by dioxygenase via either an or认o-cleavage pathway or a me,(3-cleavage pathway, 
finally leading to tricarboxylic acid cycle intermediates. On the other hand, some 
bacteria do not produce dioxygenase but monooxygenase in cytochrome P-450 
system, the details of this system are described in section 4.3.3.2 (Cemiglia, 1992; 
Juhasz and Naidu, 2000). 
From the G C - M S D chromatogram, few compounds were detected and identified. It 
is difficult to deduce the degradation pathway of BaP by this bacterium. Since 2, 
4-bis( 1,1 -dimethylethyl)-phenol is detected, it is also possible that cytochrome P-450 
system is used by the Methylobacterium sp. since phenols are intermediates of the 
pathway. 
4.4.3.2 Fungi 
Since all three identified fungi are not ligninolytic fungi, the cytochrome P-450 
pathway is focused. The results of enzyme activities detected from the fungi are 
consistent with previous findings that extracellular laccase and peroxidase activities 
were not induced by BaP for these fungi (Verdin et al., 2004). Many fungi oxidize 
PAHs via a cytochrome P-450 monooxygenase by incorporating one atom of the 
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Table 4.2 Removal efficiencies of organic pollutants in Tsing Yi soil by Trichoderm. 
asperellum. 
Pollutant Initial concentration (mg/kg) [Removal efficiency (%) 
Phenanthrene 13 ± 4.2 54 ± n 
Fluoranthene 26 ± 8.3 45 ± 15 
Pyrene 26 ± 9.2 32± 15 
Benzo[a]pyrene 13 ± 1.3 70 ± 3.3 
Benz[a]anthracene 25 士 9.4 A6± 15 
D D D 25 ± 1.8 53 士 15 
Chrysene 15 ± 5.3 53 士 17 
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oxygen molecule into the P A H to form an arene oxide and the other atom into water. 
Most arene oxides are unstable and can undergo either enzymatic hydration via 
epoxide hydrolase to form 广raws-dihydrodiols or non-enzymatic rearrangement to 
form phenols, which can be conjugated with glucose, sulfate, xylose or glucuronic 
acid. A diverse group of non-ligninolytic fungi are able to oxidize the P A H to 
^ra«5-dihydrodiols, phenols, tetralones, quinones, dihydrodiol epoxides, and various 
conjugates of the hydroxylated intermediates, but only a few have the ability to 
degrade it to carbon dioxide (Launen, et al., 1995; Mueller et al., 1996). 
The three fungi should undergone the cytochrome P-450 pathway that their 
breakdown products are quite similar. BaP may be first oxidized to generate 4,5- or 
7,8,9,10- epoxides and then hydrobenzo[a]pyrenes at corresponding positions. 
After some of the benzene rings have been cleaved and the compound has undergone 
non-enzymatic arrangement, one-ring compounds such as 
bis( 1,1 -dimethylethyl)-phenol are formed. Then, further oxidation and ring 
cleavage yield various aliphatic compounds (e.g. 1,2-benzenedicarboxylic acid, 
benzeneacetic acid) by polymerization. According to the research of Rafin et al. 
(2000) about BaP degradation by F. solani, l,6-benzo[a]pyrene quinone and 
3,6-benzo[a]pyrene quinone were reported as the major products. However, these 
quinones were not detected in this study. It may be because the experimental design 
(e.g. incubation condition, medium) the two researches were not the same, and the 
fUngus produces different compounds under different conditions. Furthermore, it is 
also possible that quinones were not observed because the method was not capable of 
detecting them since derivatization might have commonly occurred. Besides, the 
instruments used for qualification are also not the same. These authors used HPLC 
instead of GC-MSD, so the sensitivity and accuracy are different. Also, although 
the fungus used in the two studies was E solani, the strains are not the same. 
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Unfortunately, an enhancement of cytochrome P-450 pathway could cause the 
production and accumulation of potentially carcinogenic metabolites (e.g. BaP 
quinones) because they are known as inhibitors of cytochrome P-450 during BaP 
oxidation (Shen et a l , 1979; Launen et al., 1995). Yet in this study these toxic 
metabolites were not detected. 
4.5 Optimization of PAH degradation by T. asperellum 
Although previous studies have demonstrated that many PAH compounds will 
biodegrade under at least oxic conditions, the extent of PAH biodegradation by 
native microbial consortia is not fully known when these compounds are found as a 
mixed substrate (Brauner et al., 2002). Since each habitat and each pollution 
profile are unique, it is more economical and equally efficient at breaking down 
PAHs by optimizing the oxidation of PAHs by the indigenous microbial community 
that had already well-adapted to the soil habitat when compared with introduced 
microorganisms (Wilson and Jones, 1993). In order to mimic the real situation, the 
optimization part in this study was done using the contaminated sample from Tsing 
Yi and the indigenous microorganism. After screening of the microorganisms, 
Trichoderma asperellum was selected for further optimization in degrading BaP. 
4.5.1 Effect of incubation time 
BaP degradation by this fungus only showed a single-phase behavior. BaP was 
removed gradually in the initial five days and then the degradation efficiency stayed 
at 52% in the following days. No further degradation was observed after the fifth 
day since spore formation of the fungus was started and the fungus started to die in a 
batch system. This also means that even prolonged incubation time could not lead 
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to a complete degradation of BaP and the period of 5 days was selected in the 
following optimized parameters. 
f 
4.5.2 Effect of initial BaP concentration 
There was no significant difference between the REs of 10 - 50 mg BaP/kg and 
between 100 - 200 mg/kg. Generally, REs decreased when the BaP concentration 
increased. The REs of 10 - 50 mg BaP/kg were nearly 2-fold higher than that of 
100 - 200 m g BaP/kg. Therefore although the fungus was able to tolerate a high 
BaP concentration, they do a better job at a lower concentration of BaP. It may be 
because the inoculum size of the fungus is not enough for a large amount of BaP that 
the degradation rate is limited. Therefore even when the degradation rate is at its 
maximum, the REs were relatively lower. Since there was no further degradation 
observed after the fifth day due to the death of fungus, it is suggested that to use 
compost fully colonized by the fungus to increase the inoculum instead of increase 
the weight of compost directly (see section 4.5.1.3) to treat soil with a high 
concentration of BaP. The concentration of 10 mg BaP/kg was chosen for the 
following optimization experiments because this is the similar concentration in Tsing 
Yi soil samples, and also this is alarming soil concentration for remediation 
according to the Dutch C standard. 
4.5.3 Effect of inoculum size of fungus 
In theory, increasing inoculum size of the fungus should also increase the REs. REs 
of BaP increased when the inoculum size increased from 0.25 to 0.5 g fungal 
compost. However, further increase in the inoculum size simply decreased REs. 
By observation, the fungal mycelia mainly grew on the compost but not into the soils. 
The fungus tended to grow on a nutrient substance than the poor soils. However, a 
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fungal hypha is barely visible by naked eyes. A high colonization on a rich 
substrate might let the aggregates ofhyphae visible in contrast to the single hypha on 
an infertile soil. Also it is much more difficult to mix the straw with soils evenly if 
the volume of straw is big, especially when the inoculum size was at 5 g compost. 
Therefore it is suggested that to increase the density of fungal community rather than 
increase the weight of fungal compost added. Also, the trend of the result may 
suggest that there is a maximum mass of BaP that can be degraded for a given 
inoculum. From the result, the selected inoculum size of compost was 0.5 g. 
4.5.4 Effect of soil pH 
The method used to adjust soil pH is by adding lime and acetic acid into the soils that 
they can change soil pH immediately. Lime is usually applied to acidic soil in 
agriculture aspects. The amount of lime added can be calculated using lime index 
to get a slightly acidic to slightly basic soil pH. Oppositely, sulfur powder and iron 
sulfate were used to have a slow and gradual decrease in pH. However, this process 
takes at least several months to see the effect. Acetic acid was used in this study to 
acidify the soil quickly without negative drawbacks. However, adding acetic acid 
into soils also provides another carbon source to the fungus that affect the growth 
and degradation because this compound may has competitive effect to the target 
pollutant and this possibility should also be considered. It is difficult to prepare the 
acidified soils long time before the experiment because the change of pH in soil is 
slow，and there is no standard method like lime index for determination of how much 
acidify agents should be added (Hart and Homeck, 1997; Purcell et al., 1999). 
The pH condition in bioremediation system can significantly affect the activity and 
diversity of microorganisms, since it controls microbial enzyme activity, transport 
process and nutrient solubility (Wong et al,, 2002). According to the experiments 
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of Kastner et al (1998) and Wong et al (2002), neutral pH of the media was 
favorable for the microbial degradation of mineral oil components such as PAHs. 
The degradation of BaP also preferred a neutral pH environment in this study which 
is consistent to the finding from previous studies. There is no observable growth of 
fungi when the pH was adjusted to 4 and 10, so there is also no degradation of BaP 
was detected at these two pH points. The effect of low pH is more significant than 
providing additional acetic acid as carbon source that the fungus could not survive at 
low pH. The optimum pH for fungal biodegradation is pH 7. 
4.5.5 Effect of temperature 
According to the result, the optimum temperature is 30°C for the fungus to degrade 
BaR There is no observable growth of the fungus at > 40。C. Therefore no 
degradation of BaP was detected. The optimum temperature for this species to 
grow is also 30。C. The growth is slower if the temperature is increased further and 
no growth at 40^C (Samuel et aL, 2004). This is consistent to the trend of degradation. 
The degradation activity is inactive when the temperature is low; at 10。C the RE was 
only 2.38% which is insignificant when the standard deviation is considered. 
4.6 Comparison the selected bacterium and fungi 
In order to screen out the best microorganisms from the soil samples to solve the 
contamination problems in Tsing Yi, the bacteria and fungi isolated were compared. 
Although these two kingdoms of organisms possess different physiological 
characteristics, their behavior on BaP degradation and application potential can still 
be investigated. 
From the results, fungal isolates have a higher tolerance level of BaP, a higher 
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removal efficiency and a faster growth rate, they showed better performance in the 
laboratory experiments. For real case application, fungi also have several 
advantages. Firstly, for mass production of the microorganism as inoculum, fungi 
are more economically favorable. The materials for fungal cultivation are compost 
made up of straw/sawdust mainly. These materials are inexpensive. In a large 
scale bacterial cultivation requires a large volume of cultivation medium and, also 
fermentors are essential. So the cost will be higher than fungal cultivation if the 
same amount of biomass is produced. Secondly, it is much more convenient to 
apply compost to the contaminated field, no matter for transportation or mixing. 
Thirdly, except for bioremediation, fungal compost also can act as a soil conditioner 
to improve the soil quality such as water capacity and nutrient, especially for poor 
soil like those from Tsing Yi. Fourthly, it was proved that the fungi isolated could 
tolerate and degrade a higher concentration of BaP. So they are applicable to other 
sites where are heavily contaminated since the bacteria could not survive. Fifthly, 
continuous shaking is required for bacteria to have an even contact with the soil 
contaminants. Shaking is unnecessary for fungi as they could spread their mycelia 
and spores to the soils. Some of them even could secrete extracellular enzymes to 
degrade the organics. 
On the other hand, fungi also have disadvantages. For deep soils with anaerobic 
condition, bacteria are preferred than fungi because fungi cannot survive or grow 
under anaerobic environment. Pumping of air/oxygen is important for higher 
microbial activities. Also, adding compost in contaminated soil will directly 
increase the total volume of solid waste. 
Under the consideration of efficiency, economy and feasibility, fungi are preferred 
for application. 
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4.7 Evaluation of toxicity by using indigenous bacteria 
Microbial degradation of PAHs may result in the incomplete breakdown of the 
compound depending on environmental conditions and the microbial population 
present. This is of concern as little is known about whether biotransformation 
reduces the toxicity and mutagenicity of the parent compound (Pothuluri et al, 1992; 
Juhasz et a l , 2000). In the absence of suitable primary substrate, BaP 
mineralization was either not measurable or extremely slow (Kanaly and Bartha, 
1999). Intermediates with different toxicities are commonly detected in many studies. 
Most of the metabolites produced from PAHs by fungi are less toxic to other 
organisms than the parent compounds so that the net result is detoxification 
(Cemiglia et a l , 1985; Sutherland, 1992). 
The toxicity test used in this study was not a standard method for assessing the 
toxicity of a compound. By the design of standard method, they sacrifice ecological 
realism, commonly describing the effects on a limited number of species with strict 
control over environmental conditions (Cairns, 1983; Preston and Shackelford, 2002). 
Most model organisms may not be indicative or representative of indigenous species 
(Reynoldon et al, 1994; LaPoint and Waller, 2000; Preston and Shackelford, 2002). 
However, using viability of indigenous bacteria in real sample is more representative 
to determine ecotoxicity of the soil. Since the problem soils from Tsing Yi were 
polluted by mixed contaminants of organic and inorganic pollutants (for instance, 
heavy metal contents, Cu, Pb exceeded 1000 mg/kg; BaP exceeded the Dutch C 
level.), using original soil samples in toxicity test can reflect the real complex soil 
situations. Besides, it is more convenient and inexpensive to use this evaluation 
method. Standard method, such as Microtox® assay for a toxicity assay may be 
'oversensitive' to this harsh soil environment. 
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According to the results, the degradation treatment could detoxify the soils since the 
bacterial counts of two tested species in the treatment were significantly higher than 
those of the control. The growth of these two species was faster in the soil after 
treatment. This can only be explained by the reduction in soil toxicity because other 
soil properties remained unchanged. The Methylohacterium sp. showed no 
significant difference between treatment and control, it may be because the toxicity 
change in the soil is not very large that this species is not sensitive to it or this 
species is much more resistant to the toxicants in the soils. 
4.8 Post treatment by crude enzyme of Pleurotus 
pulmonarius 
In the experiment, there was still certain amount of BaP residues in the soil after the 
Trichoderma treatment, and the concentration of BaP was still above the Dutch ‘B， 
safety standard. Therefore post-treatment is required to meet the requirement to 
bring the soil to a safe level. 
White-rot fungi possess extracellular ligninolytic enzyme systems that are effective 
for the degradation of lignin，and recalcitrant hazardous organic molecules such as 
PAHs (Bumpus, 1989; Andersson et al., 2000; Zheng and Obbard, 2000). Pleurotus 
spp.，Phanerochaete spp. and Trametes spp. were some white-rot fungi studied 
intensively in previous studies for biodegradation (Haemmerli et al., 1986; 
Sutherland, 1992; Andersson and Henrysson, 1996; Cemiglia, 1997). However, the 
fungal isolates selected in this study, including Trichoderma and Fusarium are not 
white-rot fungi, they do not employ ligninolytic enzyme systems. Instead of 
introducing a foreign fungal species to the soil system, which is more possible to 
affect native ecology, enzymes extracted from white-rot fungi could be a choice for 
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post treatment of soil and the feasibility of using this method was tested. 
Crude enzyme extracted from R pulmonarius was added to further degrade the 
remained organic pollutants. The crude enzyme was extracted by shaking mycelia 
compost by distilled water at 4°C. Then the enzyme solution was added into the 
soils after treatment of T. asperellum. After treatment for 1 day, the toxic organic 
components were removed further by about 50% (Table 4.3). Although total 
removal still cannot be achieved, the concentrations of pollutants in the soils were 
lower than safety standards and can be disposed. It is found that the REs of crude 
enzyme are similar to those of using the Trichoderma sp. but it only takes 1/5 period 
of time. Since the Trichoderma sp. uses cytochrome P-450 system, so it takes time 
for the fungus to grow and reach the pollutants to absorb the pollutants into the cell, 
and the degradation process is slower. However the mass preparation of crude 
enzymes requires additional expense and time, and the activities of enzymes cannot 
be kept at an optimal level for a long treatment time. Therefore, the facilitation of 
indigenous microbial activities is still more favorable for the first step of remediation 
because the influence to the native habitat is a minimum and they are already 
available in the site. Adding crude enzyme as a post treatment of the soil is a 
considerable choice rather than expensive chemical methods. 
4.9 Limiting factors for BaP degradation 
Complete biodegradation of BaP was rarely discovered in previous studies by natural 
microbial activities, since there are many physical, chemical, biological or 
environmental factors may affect the rate and extent of BaP degradation. Lack of 
essential nutrients or growth substrates, suboptimum temperatures, oxygen 
availability, and pH of soil are all limiting factors of biodegradation. Besides, since 
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Table 4.3 Removal efficiencies of organic pollutants by a crude enzyme treatment. 
Pollutant Initial concentration (mg/kg) Removal efficiency (%) 
Phenanthrene 6.0 ± 1.5 65 土 4.2 
Fluoranthene 14±3.7 47 ±2.0 
Pyrene 18 ± 4.0 39.4 土 8.2 
Benz[a]anthracene 14 + 3 7 54 士 12 
Benzo[a]pyrene 3 8 土 0.40 73 土 7.7 
D D D 12 ± 3.8 56 ± 7.0 
Chrysene 7 土 2.7 53 土 4.8 
*The soil used was pre-treated by T. asperellum. 
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the water solubility of BaP is very low (lots of organic pollutants also), they may not 
be accessible or it may be at a concentration where it is toxic to the microorganisms. 
In addition, BaP may not be able to be transported into the cell, may not be a 
substrate for the available enzymes or may not be an inducer for the appropriate 
transport or degradative enzymes (Fewson, 1988; Juhasz and Naidu, 2000; 
Romantschuk et al., 2000). Moreover, bioavailability is the rate-limiting problem 
although the above parameters are all not a concern. The adsorption or covalent 
attachment of PAHs to natural solids, such as clays and humic material, and the age 
of the soils would affect=the bioavailability, transport, biological activity and 
degradation of the compound in the environment (Mahro et al., 1995; Morra, 1996). 
Last but not least, BaP-degraders may not be prevalent in soils where BaP 
remediation is necessary. Also their activity may be limited by their production of 
more toxic and soluble metabolites. 
4.10 Further investigation 
It is realized that BaP removal by using native microorganisms for biodegradation is 
feasible. Further investigation is important to increase the applicability of this 
system. Since complete removal of BaP by T. asperellum was not detected in this 
study, treatment of the remained toxic dead-end products in the systems should be 
concerned (Semple et a l , 2002). The optimization of operation parameters such as 
air pumping flow rate and other nutrient supplement should be done to increase the 
removal efficiency. Also it is suggested that CO2 released from the degradation 
system can be measured by a respirometer to check whether the fungus can 
mineralize the pollutant. Otherwise mineralization activity by the organism can 
also be evaluated with radiolabeled substrates. It is because the contaminated soils 
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are non-sterile, so there is a chance the fungus could cooperate with the existing 
microorganisms to achieve mineralization. As there is not only one pure pollutant 
present in the natural environment, the presence of other organic or inorganic 
substances may inhibit the removal of BaP in either adsorption or biodegradation 
process. Also, the synergistic toxicity from the mixture of compounds in soils may 
influence the degradation performance, and so the interaction between BaP, fungal 
compost and other toxicants should also be investigated. If other existing pollutants 
are degraded and thus the toxicity is reduced, the degradation of target pollutant may 
be indirectly increased. 
The role of PAHs in biodegradation of sorption-desorption interactions with soil 
components will be important. The mechanisms by which microorganisms degrade 
bound PAH substrates and an assessment of the environmental impact of PAHs on 
coastal ecosystems and the bioavailability and toxicity of the parent compounds and 
biodegradation products should be relevant to future studies (Cemiglia, 1993). 
In order to improve the availability of PAHs to microorganisms, the effect of addition 
of surfactants or organic solvents should be considered (Volkering et al., 1998; 
Romantschuk et al” 2000; Zheng and Obbard, 2000; Wattiau, 2002). Lee et al. 
using acetone and ethanol found that total PAH biodegradation rates for soils 
pretreated with these solvents were estimated to be about twice faster than soils 
without solvent pretreatment. However, there is no report considering that the high 
spilled oil in the abandoned shipyard actually serves as the solvent making the 
hydrophobic organic pollutants available for biodegradation. Addition of dissolved 
organic carbon (DOC) was also reported to facilitate the degradation of four- to 
six-ring PAHs (Bengtsson and Zerhouni, 2003). In the Tsing Yi site, the organic C 
content was in generally low as a characteristic of coastal soil as in Sai Kung. 
Further bacterial degradation of PAHs utilize a co-metabolism. It is therefore 
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expected the addition of organic carbon will improve degradation. 
Collective metabolism by mixed culture of microorganisms may result in enhanced 
P A H utilization since intermediate biotransformation products from one 
microorganism may serve as substrates for catabolism and growth by others. 
Inoculating both bacteria and fungi had a greater effect on reducing BaP 
mutagenicity than inoculation of either organism individually (Juhasz and Naidu, 
2000). Boonchan et al (2000) showed degradation of BaP and other H M W PAHs, 
25.5% of BaP (initial amount = 50 mg) were mineralized in 56 days by a defined 
fungal-bacterial cocultures (Spenotrophomonas maltophilia and Penicillium 
jathnellum). Similar results were observed by Stanley et al. (1999) using P. 
janthinellum and PAH-degrading community, up to 64% of BaP were mineralized; 
Kotterman et al. (1998) used Bierkandera sp. cooperated with indigenous microflora 
resulting in 96% removal of BaP in 15 days. Since T. asperellum is a soil-bome 
fungus, it was tested to survive and degrade pollutants in unsterilized soil. The 
microorganisms going to be tested with this species for biodegradation should also 
be able to grow in this soil. It is worth testing the feasibility of using T. asperellum 




In the present study, the target pollutant BaP was treated by microbial degradation of 
native species. Two soil sources with two different contamination levels were 
analyzed. Tsing Yi soils showed a very high heterogeneity in different sampling 
points; they showed a wide range of concentrations of inorganic and organic 
pollutants, nutrients or even soil textures. Bacteria and fungi able to tolerate BaP 
were isolated from both contaminated Tsing Yi soil and clean Sai Kung soil. 
Therefore potential BaP-degraders can be found not only in contaminated soil. 
However, no relationship was found between the concentration of BaP and the 
amount of BaP-tolerators found in the soils. 
The bacteria and fungi with relatively better degradation performance were screened 
out. The best bacterium and the top 3 fungi were identified as Methylobcaterium 
sp., Trichoderma asperellum, T. harzianum and Fusarium solani. While comparing 
the tolerant level, growth rate, viability in contaminated soils, removal efficiency of 
BaP in liquid system, the 3 fungi demonstrated advantages over the bacterium. 
Among the 3 fungi, the best performance was obtained with T. asperellum. Then 
optimization was performed to remove BaP in soil system. 
In general, fungi produce more bulky biomass than bacteria under the same 
conditions. This allows fungi to adsorb the PAHs and tolerate higher concentrations 
of toxicants. This ability is a basic requirement of survival and/or degradation in a 
pollutant-concentrated environment. For a large-scale remediation project, fungi 
are robust and cheap to apply than bacteria. Since bacteria are not mobile in the soil 
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thus mixing of soil is necessary. However, fungi can spread their mycelia over soil 
without shaking. Beside, inoculation of flmgi with straw increased the hyphal 
length of fungi in soil and that straw generally gave the greatest initial rate of 
pollutant breakdown. Therefore fungi are more favorable as bioremediating agents. 
The determined optimized condition for treating BaP-spiked soil by T. asperellum 
was as follows: temperature: 30。C; pH: 7; initial [BaP]: 10 - 50 mg/kg; inoculum 
size of compost: 0.5 g/10 g soil; incubation time: 5 days. This optimized fungal 
system was also applied to treat a mixed contaminated soil sample from Tsing Yi 
abandoned shipyard. It was found that this flingal system did degrade the BaP in 
this batch of soil by 70%, Besides other organopollutants existed in the soil, 
including phenanthrene, fluoranthene, pyrene, benz[a] anthracene, 
benzo[ghi]perylene, chrysene and D D D , were also degraded at 32 - 62%. 
Trichoderma asperellum did not secrete laccase and Mn-dependent peroxidase. 
Presumably its degradation is via intracellular cytochrome P450 system. As 
residual organopollutants were detected in the fungal treated soil by GC-MSD, 
toxicity of the treated soil was assessed by 3 indigenous bacteria in the Tsing Yi soil. 
The reduction of toxicity after treatment with T. asperellum was confirmed with 2 
bacteria. The development of using indigenous bacteria as marker organisms to 
reflect toxicity is novel but it has the advantage that the bacteria did survive in a 
highly contaminated soil and they are more realistic to reflect the ecotoxicity in the 
investigated habitat. Tsing Yi soil was contaminated with a mixture of heavy metals 
and a mixture of organopollutants. The fungal system developed in this study aims 
at degrading organopollutant BaP. Many toxicity model organisms simply are too 
sensitive and can be killed by the high concentration(s) of a particular heavy metal 
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and/or a mixture of residual organopollutants. 
Further investigation is needed to carry out a pilot and field study to apply this native 
fungus in bioremediation. 
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